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INFLUENCE OF CHEMICAL COMPOSITION ON RUPTURE PROPERTIES AT 1200° F 
OF FORGED CHROMIUM-COBALT-NICKEL-IRON BASE ALLOYS 
IN SOLUTION-TREATED AND AGED CONDITION 1 

By E. E. Reynolds, J. W. Freeman, and A. E. White 


SUMMARY 

. The influence of systematic variations of chemical composi- 
tion on rapture properties at 1200° F was determined for 
62 modifications of a basic alloy containing 20 percent 
chromium, 20 percent nickel, 20 percent cobalt, S percent 
■molybdenum, 2 percent tungsten, 1 percent columbium, 
0.15 percent carbon, 1.7 percent manganese, 0.5 percent 
silicon, 0.12 percent nitrogen, and the balance iron. These 
modifications included individual variations of each of 10 
elements present and simultaneous variations of molybde- 
num, tungsten, and columbium. Laboratory induction fur- 
nace heats were hot-forged- to round bar stock, solution- 
treated at 2200° F, and aged at 1400° F. The melting and 
fabrication conditions were carefully controlled in order to 
minimize all variable effects on properties except chemical 
composition.- 

For the limited number of composition variables studied the 
range in 100-hour rupture strengths was from 26,000 to 52,000 
psi. Major strengthening effects resulted from additions of 
molybdenum, tungsten, and columbium, individually or simul- 
taneously. The lowest-strength alloy contained none of these 
elements. Chromium also had a major strengthening influ- 
ence. However, no alloy teas obtained which had properties 
which were outstanding compared with those of the basic 
analysis. 

Carbon {varied from 0.08 to 0.60 percent), nitrogen ( 0.08 to 
0.18 percent), manganese ( 0.80 to 2.5 percent), nickel {10 to 20 
percent), cobalt {20 to 82 percent), and columbium {2 to 4 
percent) had little influence on rupture properties. Nitrogen 
( 0.004 to 0.08 percent), chromium (10 to 80 percent), nickel 
(0 to 10 percent), cobalt ( 0 to 20 percent), molybdenum (0 to 4 
percent), tungsten ( 0 to 4 percent), and columbium (0 to 1 
percent) increased strength appreciably. Silicon (OF to 1.6 
percent) and nickel (20 to 80 percent) had a weakening influ- 
ence. Columbium had a marked influence on increasing total 
elongation to fracture. 

Rupture strengths varied directly with a measure of the 
resistance to creep of the alloys with total elongation to fracture 
as a parameter. This indicated that rupture strengths were a 
function of the effect of the composition modifications on both, 
the inherent creep resistance and the amount of deformation the 
alloys would tolerate before fracture. 

Interpretation of the results on the basis of microstructural 
studies indicated that molybdenum and tungsten improved 
creep resistance by entering solid solution. Nickel and, cobalt, 
two elements forming part of the matrix solid solution, appeared 
to improve strength by increasing the solubility of molybdenum 


and tungsten. Chromium improved creep resistance, at- least 
in part, as a result of an aging reaction. Columbium did 
not appreciably affect creep resistance but improved rupture 
strength by increasing the elongation to fracture.' 

Information is presented which indicates that melting and 
hot-working conditions play an important role in high-tempera- 
ture properties of alloys of the type investigated. 

INTRODUCTION 

t 

This investigation, had as its object a study of the influence 
of' systematic variations of chemical composition on the 
1200° F rupture properties of forged alloys in the solution- 
treated and aged condition in -which the composition was 
varied from the following basic analysis: 

Chemical composition 
(percent) 


Carbon, C _ . 

... 0.15 

Cobalt, Co. 

20 

Manganese, Mn 

1.7 

Molvbdenum, Mo. 

3 

Silicon, Si 

0.5 

Tungsten, W _ _ 

...... 2 

Chromium, Cr 

20 

Columbium, Cb. 

I 

Nickel, Ni 

20 

Nitrogen, N._ 

Iron, Fe' 

—. 0.12 
32 


Sixty-two modifications of this alloy were studied in which 
each of 10 elements was systematically varied individually 
and Mo, W, and Cb were varied simultaneously. 

The investigation was prompted by the fact that at 
present there are no published data which, make possible a 
correlation between systematic variations in chemical com- 
position and the high-temperature properties of forged 
Cr-Ni-Co-Fe-Mo-W-Cb alloys of the type investigated. 
Past research has shown that close control over processing 
of alloys is necessary to reproduce high-temperature proper- 
ties between different heats of the same analysis. Lack of 
such, control of processing variables has resulted in the 
failure of attempts to correlate the published high-tempera- 
ture data on these types of alloys. Such, correlations are 
needed to provide a basis for establishing optimum chemical 
compositions for heat-resistant- alloys, for reducing the re- 
quired alloy content while retaining worth-while properties, 
and for determining the fundamental mechanisms by which 
alloying elements influence properties at high temperatures. 

As an initial approach to the solution of a large problem, 
the investigation was necessarily limited in scope. The 

* Supersedes NAOA TST 2U9, '‘Investigation or In floe nee of Chemical Composition on 
Forged Modified Low-Carbon N-ltfr Alloys in Solution-Treated and Aged Condition as 
Eelated to Rapture Properties at 1200° F” by E. E. Reynolds, J. W. Freeman, and A. E. 
White, 1951. 
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number of compositions studied, the use of only one condition 
of processing, the evaluation of high-temperature character- 
istics only by nipture properties for 100 hours at 1200° F, 
and the use of only micros true tural and hardness data to 
provide interpretation of results were the major limitations 
placed on the investigation. 

This work was conducted at the University of Michigan 
under the sponsorship and with the financial assistance of 
the National Advisory Committee for Aeronautics. 

EXPERIMENTAL PROCEDURE 

The basic analysis selected for study of the influence of 
systematic variations in chemical composition on rupture 
properties at 1200° F was'that of a commercial alloy which’ 
has the following nominal composition: 


Chemical composition 
(percent) 


Carbon 

. . 0.16- 

-Cobalt 

... 20 


1.7 

Molybdenum 

3 

Silicon 

0.5 

Tungsten 

.2 

Chromium.. .... 

_ 20 

Columbian)-..,. 

1 

Niokel . 

20. 

Nitrogen... ... ..... 

0.12 


Iron 32 


The influence of composition was evaluated on 62 modifi- 
cations of this alloy with the following composition variables: 

(1) Individual variations of the elements in the basic 


analysis: 

C, percent 0.Q8, 0.40, 0.60 

Mn, percent 0, 0.30, 0.60, 1.0, 2.5 

Si, percent .... . , — 1.2, 1.0 

Cr, percent ... . 10, 30 

Ni, percent ... 0, 10, 30 

Co, percent. . 0, 10, 32 

Mo, percent . — 0, 1, 2, 6, 7 

\V, percent 0, 1, 5, 7 

Cb, percent — ... — 0, 2, 4, 6 

N, percent..-- 0.004, 0.08, 0.18 


(2) Simultaneous variations, in steps of 2 percent, of Mo, 
W, and Cb from 0 to 4 percent 

In all cases Fe variations compensated for the variations of 
total alloy content. 

The first step in the investigation was the development of 
melting, forging, and heat-treatment procedures which would 
minimize all variable effects on properties except chemical 
composition. This work . was done on the basic alloy with 
the reproducibility of 1200° F rupture properties from heat 
to heat being the main criterion for final adoption of prep- 
aration procedures. Si? heats were prepared to develop 
melting practice. Three additional heats were prepared 
using varying deoxidation practices. The forging procedure 
was developed on six. additional heats of the basic alloy. 

The work on procedure development and detailed descrip- 
tions of the final procedures adopted are summarized in the 
subsequent section “Preparation of Experimental Alloys.” 
Briefly these consisted of melting the alloys as 9-pound induc- 
tion-furnace heats, hot-forging the ingots between 2200° and 
1800° F to bar stock, heat-treating at 2200° F for 1 hour, and 
water-quencliing followed by aging at 1400° F for 24 hours. 

All alloys were chemically analyzed for the modified ele- 
ment while complete analyses were made only on spot heats 


within a group after it was established that melting practice 
was yielding the desired compositions. 

Metallographic examinations were made of all the alloys 
in the as-cast, hot-forged, solution-treated, aged, and rupture- 
tested .conditions. Vickers hardness tests were made on bar 
stock in the solution-treated and the aged conditions. 

The liigh-temperature load-carrying ability of the alloys 
was evaluated by means of stress-rupture properties at 1200° 
F. Rupture test specimens, machined from the heat-treated 
bar stock, were 0.250 inch in diameter with a 1-inch gage 
length. The stress-rupture tests were made in individual 
stationary units with the load applied by a simple beam 
acting through a system of knife edges. At least two and 
usually three or four tests at various stresses were made on 
each alloy and were of sufficient duration to establish the 100- 
hour rupture strengths and to permit at least an estimate of 
the lOQOrhour strengths. Time-elongation data wero taken 
during the rupture tests by the drop-of-the-beam method and 
also, in the case of many of the longer time tests, by' moans of 
modified Martens type extensometers with a sensitivity of 
0.00005 inch per inch. There was good agreement between 
curves from the two types of deformation measurements in 
all cases where both types were used on the same tests. 

PREPARATION OF EXPERIMENTAL ALLOYS 

This section discusses the development of techniques for 
melting, forging, and heat-treating, describes the procedures 
finally adopted, presents the observed behavior of the alloys 
during processing, and shows the reproducibility of rupture 
properties of the basic alloy resulting from the processing 
procedures used.' * 

MELTING 

Preliminary melting experiments. — Six heats were pre- 
pared originally* to develop and standardize melting practice, 
particularly to obtain control over final composition from 
charge calculations and reproducibility* from heat to beat. 
Actual analyses of these heats are given in table I. It 
.was found necessary to make certain minor corrections 
in the charged materials and tho next five heats of the basic 
alloy had reasonably consistent compositions. 

Melting procedure. — The alloys wero melted in a 12-pound- 
capacity induction furnace as 9-pound heats. The heals 
were poured into 9-inch-long tapered (1%- to lJi-in.-sq.) 
cast-iron ingot molds with 2}s-inch-squarc hoi tops. The 
life of the magnesia melting crucible w r as from 10 to 12 
heats. 

A typical melting chaige and schedule are given in table 
II. This table shows the various ferroalloys used to make 
up the charges. The Fe, Cr, Ni, and Co charge was first 
melted down; Mn and Si were added, followed by Mo, W, 
and Cb. The heat was then deoxidized with 15 grams 
of calcium-silicon alloy, power turned off, bath temperature 
taken with both a Leeds and Northrup optical pyrometer 
and a platinum, platinum-rhodium immersion thermo- 
couple, and the metal poured. The calibration of the im- 
mersion thermocouple was cheeked periodically. 

Immediately after pouring, a Chromcl-Alumel thermo- 
couple was immersed into the molten metal in tho hot lop 
and the cooling curve determined by readings at 5-second 
intervals on a Leeds and Northrup portable potentiometer. 
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la a subsequent study of the effect of deoxidation on 
properties, three heats of the basic ahoy were prepared 
using deoxidation practices varying from the normal use 
of 15 grams of calcium-silicon ahoy. The three variations 
-were: No deoxidation (ahoy 74); 15 grams of zirconium- 
silicon-iron, ahoy (75); and mel ting under a lime-fluorspar 
slag (76). 

Melting characteristics. — Table I gives the chemical com- 
positions of the experimental alloys. The intended modi- 
fications from the basic ahoy are given along with actual 
values where chemical analyses were made. In general, 
the actual analyses were consistently close to the desired 
composition. 

Table HI gives bath temperatures just prior to pouring 
the alloys. There was a fair agreement and no consistent 
difference between the optical pyrometer and the imm ersion 
thermocouple readings. Cleanness of the bath surface 
was found to be of importance in the pyrometer readings. 
The agreement between the two methods in so many cases 
indicates that the temperatures given are reliable.- 

A macrographic section of the ingot cross section was 
taken from each heat from Just below the hot top to deter- 
mine if pipe or porosity existed. Ah of the heats actuahy 
tested were sound: The ingot grain structure was well- 
defined on these sections, a typical example of which is 
shown in figure 1 for several heats. In general the various 
ingot macrostructures reflected the relative pouring tem- 
peratures rather than variations in chemical composition. 
The higher the pouring temperature, the greater was the 
total "area covered by the columnar grains and, the greater 
the size, the less the total area covered by the equiaxed 
grains at the center. 



Approximate 

pouring 

Alloy temperature 
(°F) 

7 2570 

8 2560 

. * 10 2660 

11 26S0 

12 2785 

Figure I —Typical macrostr act ores of Ingots, Etchant, Marble’s reagent 
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The cooling curves obtained on the metal in the ingot 
hot tops were similar ip that, in all cases when readings 
were begun early enough to determine it, they had a de- 
finite halt in temperature within what seemed to be the solid- 
ification range for the alloys. Usually these halts were 
preceded on the curve by what appeared to be an under- 
cooling effect. The time of the 'constant temperature halt 
varied for the alloys from 10 to 60 seconds. After these 
halts the cooling curves were smooth with a gradual de- 
crease in cooling rate .as the temperature decreased. The 
last column in table III contains the temperatures of halts 
in the cooling curves during solidification. In cases where 
temperature readings were not started early enough the 
halt temperature is indicated as being greater than that 
at which the cooling curve was started. 

The over-all temperature range of the halts was from 
about 2420° to 2610° F and they "varied consistently with 
systematic chemical-composition variations. Alloying ad- 
ditions tended to lower the temperature of the halt, with 
Cb having the greatest effect. The exact physical signi- 
ficance of the temperature halts, beyond an indication of the 
temperatures at which the major portion of the alloy solidi- 
fied, is uncertain. 

FORGING 

Preliminary forging experiments. — There was available 
for the forging work a Nazel air forging hammer (size 3, 
type B) which is approximately equivalent to a 400-pound 
steam hammer. This hammer was fitted with 3K- by 8-inch 
flat dies. 

Preliminary forging to determine the forging temperature 
range for the alloys was done on /(-inch-square bar stock 
of the basic alloy, reducing it to 0.43-inch squares from 2100°, 
2200°, 2300°, and 2400° F. The plasticity increased with 
temperature, but burning, which resulted in forging cracks, 
occurred at 2400° F. Further experiments on a 0.55-per- 
cent-C heat .(alloy 5) indicated that burning could occur 
at 2300° F in this alloy. Since the alloy was quite difficult 
to forge with an initial temperature of 2100° F it was de- 
cided to use 2200° F as the initial forging temperature. 
Subsequent work on the heats with variable composition 
showed that all the alloys were forgeable from this tempera- 
ture, the forgeability, however, varying with the composition. 

Finishing forging temperatures were kept at 1800° F 
or above as judged by color, in prder to minimize hot-cold- 
workj which is known to influence the properties of these 
alloys. 

Several ingots were forged to K-inch-square bars between 
the flat dies, a reduction of approximately 90 percent. 
Microstructuial examination of these forged bars showed a 
nonuniformity of grain size in the cross section. A diagonal 
“X,” distinctly visible on visual examination of the etched 
cross section, was present in all the bars. The grains were 
appreciably finer along these diagonal planes than in the 
triangles, under the flat surfaces of the bar, formed between 
these planes. 

A number of different methods of forging were tried in 
order to determine the cause of and in an effort to eliminate 
this grain size nommiformity. The methods used and their 
results were: 
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(1) Forging at a 45° angle to the original square of the 
ingot resulted in the same diagonal “X” from the comers 
of the final square indicating that, the ingot structure bore 
no relation to this characteristic. 

(2) Upset forging prior to final reduction to a square 
showed no advantage of the added working on the structural 
uniformity. 

(3) Finishing as an octagon between flat dies yielded 
areas of fine grains originating at all eight comers of the bar. 

(4) Forging wholly between a flat top die and bottom 
“V” dies to an octagon appeared to abuse the metal more 
than any other method used. It was difficult to draw the 
metal out, the cross section merely being changed back and 
forth. This tended to open up the center of the bar. 

(5) Forging to approximately 1 inch square and finishing 
to )i inch round between hand swages in four steps gave 
the best structural uniformity. A narrow band of fine 
grains was sometimes present near the surfaces of the round 
bare but the over-all grain size was quite uniform. 

The ahove experiments showed that the forging "X” in 
the square bars was the result of the relatively greater amount 
of hot-work along the diagonal planes. This was further 
verified by the fact that occasionally in forging the square 
bare diagonal cracks would form completely through the 
bare. 

As a result of the forging experiments it was decided to fit 
the hammer with a set of dies with swaging impressions. 
Subsequent experiments using this method proved satis- 
factory so it wa9 adopted as the standard forging procedure 
for the experimental alloys. 

Forging procedure. — The general arrangement of the 400- 
pound-capacity air forging hammer and the heating furnace 
is shown in figure 2. A picture of the forging operation in 
swaging dies is shown in figure 3. Figure 4 shows a bar 
which was forged to indicate the steps in reduction from the 
ingot to the final round bar. A typical forging record is 
presented in table IV. 

The temperature of the furnace was controlled by an 
automatic temperature controller through a platinum, plat- 
inum-rhodium thermocouple. The temperature of the forg- 



Fiouas 2.— Arrangement of forging hammer and furnace. 


big stock was measured by a Chromel-AIumel thermocouple 
attached to a small bar placed next to the stock. 

The cast ingots were ground to remove all surface defects 
prior to^ forging. The ingots were preheated to approxi- 
mately 1400° F, then placed just inside the door in the 
coolest region of the furnace, and finally moved to the center 
of the furnace at 2200° F. 

Generally half of an ingot was forged at a time. After 
holding at least 30 minutes at 2200° F the ingot was forged 
from approximately 1.4 inches square to slightly over I inch 
square between flat dies with from two to four reheats. A 
number of the blows in the flat dies were on the corners of 
the bars to prevent comer cracks and to prepare the piece 
for the first swage. The bar was reheated and forged to 
approximately 0.95 inch round in the first swage with from 
one to three reheats. The second swage reduced the bar to 
approximately 0.75 inch round with two to' four reheats. 
The forged bar \vas then cut- off the unforged half of the ingot 
and recharged to the furnace. The third swage reduced the 
bar to approximately 0.58 inch round with three to six 
reheats. The bar was then cut in two equal pieces for the 
final swaging. The last swage finished these bare to 0.40 to 
0:50 inch round with from 5 to 10 reheats. The number of 
blows from the hammer were counted and tabulated. The 
number of reheats and blows varied depending on the ease of 
forging of the alloy and the size of the stock. Total re- 
duction of area during forging was approximately 90 percent 



Figubi 3.— Forging experiments) slloy In swaging dies. 
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1.4 in. square 


1.15 in. square 


0.95 in. round 


- 0.75 in. round 


0.58 in. round 


0.40 in. round 


Figure 4.— Forged bar showing reduction steps used in swag tag experimental alloys tom 
original ingot to Anal round bar stock. 


what, 'depending on the forgeability of the alloys, the method 
of comparing the required blows was usable only for dis- 
tinguishing between alloys with wide differences in plasticity. 
Judging the relative response of the alloys to the blows from 
the hammer seemed to be the best . method to evaluate 
forgeability. Relative forgeability could be only qualita- 
tively estimated, however, by this method, because only two 
ingots were forged together and only a few forged in 1 day. 

In table V a summary is given of forging data and the esti- 
mated forgeability of all the alloys compared with that of the 
basic alloy. This forgeability is listed merely as ‘Tetter,” 
“poorer,” or the “same” as that of the basic alloy. In cases 
where the alloys are either poorer or better, remarks are 
given to explain this rating. 

On the basis of these forgeability ratings the following 
effects of composition on forgeability were evident: 

(1) Additions of Si (0.5 to 1.6 percent), llo (0 to 7 percent), 
and X (0.004 to 0.18 percent) had no observable effect on 
forgeability. 

(2) It appeared that Mn (0 to 2.5 percent) increased forge- 
ability by lowering the tendency of cracking. 

. (3) Additions of C (0.08 to 0.60 percent) decreased forge- 
ability by lowering the plasticity and increasing the tendency 
of cracking. 

(4) The elements Ni (0 to 30 percent), Co (0 to 32 per- 
cent), and Cr (10 to 30 percent) lowered plasticity and thus 
forgeability, Cr seemingly having the greatest effect. 

(5) Additions of W (0 to 7 percent) lowered plasticity and 
forgeability. 

(6) The effect of Cb (0 to 6 percent) was unique among the 
elements. Alloys without Cb were subject to severe cracking 
during the initial breakdown of the ingot between flat dies, 
the forgeability thus being poorer than that for the basic 
alloy. Increasing Cb to the 1 percent of the basic alloy 
seemed completely to alleviate this situation. When it was 
increased to 4 and 6 percent the material was more difficult 
to forge as a result of the decreased plasticity. 

HEAT TREATMENT 


Reduction in the individual swages was tlone in steps ; that 
is, after the first reheat only a portion of the bar was reduced 
to the swage diameter, after the second reheat another 
portion of the bar was reduced, hut in the last reheat or two 
the whole length of the bar was worked to the final diameter 
of that swage. In particular, in the finishing swage, the 
complete length of the bar was given some work during the 
final two or three operations. 

Finishing temperature of forging was judged by the color 
of the stock by an experienced forger. An attempt was 
made to hold this temperature above 1800° F. 

Forging characteristics. — During forging an effort was 
made to evaluate the relative forgeability of the experimental 
alloys. This evaluation consisted of observing the forging 
characteristics of the alloys — ease of reduction and tendency 
to form cracks — and of keeping complete records of the 
number of reheats and blows required to forge each alloy. 
These methods were at best only very approximate. 

Since the small hammer used was taxed to capacity during 
the initial stages of the breakdown by the rigidity of most of 
the alloys and since the force of the blows was varied some- 


Originally a solution treatment at 2100° F was considered 
to be a satisfactory condition for testing. This was on the 
basis that for one heat of the basic alloy previously studied 
(reference 1), for which the solution-treatment temperature 
was varied from 1800° to 2300° F, a treatment at 2100° F 
gave slightly higher rupture strengths than the other condi- 
tions. F urther work, however, indicated that there was poor 
agreement between properties of two heats in this condition 
and the best agreement between heats resulted from a 2200° 
F solution treatment followed by a 1400° F aging treatment. 
The variability in properties between heats was attributed to 
the relative residual effects of the hot-working which had not 
been removed by the 2100° F solution treatment. It ap- 
peared that the 2200° F treatment tended to minimize, but 
did not completely remove, the residual hot-working effects 
without excessively coarse ning the grain size. It was there- 
fore selected as the solution temperature for the alloys in this 
investigation. 

Previous investigation of the basic alloy had shown that at 
temperatures of solution treatment above 2050° F the 100- 
hour rupture test elongation was quite low and decreased 
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with increasing solution temperatures. Accompanying this 
low elongation wqs a tendency for the alloy to be sensitive 
to stress concentrations at the specimen fillets, fractures 
occurring in these regions. However, proper aging of the 
solution- treated alloy eliminated this stress-concentration 
sensitivity and increased the 100-hour rupture strength 
slightly while not appreciably affecting 1000-hour strengths. 
Aging between 1350° and 1500° F did riot-produce significant 
changes in properties. A temperature of 1400° F for 24 
hours was selected for aging the experimental alloys in this 
investigation so that variable effects resulting from stress- 
concentration sensitivity would be minimized and the mate- 
rials would be in a more stable condition than when only 
solution- treated. 

It is known that the treatment used does not give the 
highest strengths at high temperatures for the basic alloy 
and it is not believed that this treatment necessarily would 
give the best properties for any of the composition modifica- 
tions studied. But it is believed that. use of this treatment, 
plus the careful control to hold melting and fabrication con- 
ditions as constant as possible, lias minimized all variable 
effects on properties except chemical composition in this 
investigation. 

Heat-treatment procedure. — All of the alloys were solu- 
tion-treated for 1 hour at 2200° F, water-quenched, aged 24 
hours at ’1.400° F, and air-cooled prior to rupture testing. 
Solution treatments were made in a gas-fired furnace and 
aging was in an electric resistance furnace. 

Heat-treatment observations. —An observation made dur- 
ing heat treatment of the effect of Cb on scaling character- 
istics of the alloys appeared to be significant. In alloys 
containing four or more percent of Cb relatively heavy scal- 
ing occurred during the 1-hour solution treatment at 2200° 
F. This scaling effect was greater on these high-Cb alloys 
than on the alloy containing 10 percent Cr which was ex- 
pected to have the poorest corrosion resistance of the alloys 
studied. 

REPRODUCIBILITY OF RUPTURE PROPERTIES AT 1200° F OF BASIC ALLOY 

The final objective of the work on techniques for preparing 
the experimental alloys was the development of a condition 
in which the rupture properties at 1200° F would be repro- 
ducible from heat to heat of a given composition.* The 
interpretation of significant property variations with chem- 
ical composition depends on the range of this reproducibility. 

The rupture test characteristics at 1200° F for six heats of 
the basic alloy, the alloy used to evaluate the preparation 
procedures, are given in table VI, for both square and round 
bar stock. The range of reproducibility of rupture proper- 
ties indicated for the round stock forged by the finally 
adopted swaging procedure was as follows: 


100-hour rupture strength, psi 48,000 to 50,000 

1000-hour rupture strength, psi 37,000 to 38,000 

100-hour rupture elongation, percent _19 to 25 


These ranges are used in interpreting the significant influ- 
ences of composition variables for the materials forged as 
rounds. Properties of alloys with variable C and Mn, 
forged early in the program as square stock and tested as 
such, are compared with the wider property range indicated 
in table VI for square stock of the basic alloy. 


The stress and rupture-time data for the six heals arc 
plotted in figure 5 with curves drawn which indicate the 
range in strengths for the round stock. Figure 6 presents in 
a similar maimer the data for stress against creep rate ob- 
tained from curves of elongation against time for the rupture 
tests. The narrower property ranges for the round slock 
compared with those of the square stock are noted. 



Floras 5.— Curves of stress against time for rupture for six heats of basic alloy. Range indi- 
cated tor round bar stock. Treatment: 2200° F for I hour, watw-quenobed; 1400* F fir 
24 hours. 
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Fiourx 8.— Curves of stress against minimum creep rates at 1200° F for six heats of basic 
alloy. Range indicated for round bar stock. Treatment: 2200“ F tor 1 hour, water- 
quenched; 1400“ F for 24 hours. 


As an example, of the narrowing of the range by using the 
more easily controlled and duplicated swaging procedure, 
alloy 8 had the lowest (4fi,500 psi) and alloy 10 the highest 
(52,000 psi) 100-hour rupture strengths of the 5500-psi over- 
all range for square bar stock. After forging as rounds these 
Bame two heats had 100-hour rupture strengths of 48,500 
and 50,000 psi, thus narrowing the over-all range of 100-liour 
rupture strengths to 1500 psi. The 1000-hour rupture- 
strength range was narrowed from 2500 to 1000 psi by 
changing the forging procedure. Similar changes in ranges 
for squares and rounds are indicated in table VI for stresses 
at constant creep rates and for the minimum creep rate at 
constant stress. 

Table VI also gives properties of alloys 74 and 75 which 
indicate that variation in melting deoxidation practice can 
have a pronounced effect on high-temperature characteristics 
of alloys of this type. 

The influence on rupture test characteristics of changing 
hot-working and deoxidation procedures indicates that the 
solution treatment at 2200° F did not completely eliminate 
variables in prior processing. However, the use of the same 
deoxidation practice for all the alloys and the control of 
hot-working resulting from the adoption of the procedure 
producing rounds rather than squares plus the use of the 
2200° F solution treatment are believed to have minimized 
the effects of variables in processing on the high-temperature 
properties. 
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Data for two commercial heats of the basic alloy with the 
same heat treatment as the experimental alloys have been 
included in table VI to show the relationship between the 
experimental alloys and normal commercial properties. 

INFLUENCE OF CHEMICAL-COMPOSITION VARIABLES ON 
ROOM-TEMPERATURE METALLURGICAL CHARAC- 
TERISTICS OF MODIFIED ALLOYS 

■Mierostructural studies and hardness tests were made on 
all the experimental alloys to obtain metallurgical informa- 
tion to aid in interpretation of the influence of chemical 
composition on rupture properties. 

MICROSTRUCTURE 

Micros tructural studies were made of each of the alloys in 
the following conditions: As-cast; hot-forged; solution- 
treated 1 hour at 2200° F and water-quenched; aged 24 
hours at 1400° F after solution treatment; and rupture- 
tested ■ the maximum time at 1200° F. An electrolytic 
solution of 10 percent chromic acid was used as an etchant. 

Effect of treatment on microstructures. — The as-cast 
structure revealed the amount and distribution of the excess 
constituents in the east dendritic pattern. The hot-forged 
structures were examined for flaws, uniformity of grain size, 
and distribution of excess constituents. Only limited infor- 
mation is included on the cast and forged structures, the 
main emphasis being placed on structures of the alloys prior 
to testing in the heat-treated condition. The solution- 
treated structure showed the amount of insoluble excess 
constituents after light etching and the grain size after deep 
etching. The grain size was much easier to determine in the 


aged structures because the grain boundaries were revealed 
by light etching. The aged structure also revealed the 
amount and mode of matrix precipitation. From the struc- 
ture of the m aximum-time rupture test any change occurring 
during testing and the mode of fracture could be observed. 

An example of mierostructuraJ variation with treatment 
for the basic alloy is shown in figure 7. The as-cast condition 
contained a considerable amount of excess constituent. 
After hot-for ging the alloy was uniformly fine-grained and 
contained excess constituent at the grain boundaries and in 
the matrix. Solution-treating at 2200° F dissolved the grain 
boundary constituent but not the matrix constituent. So- 
lution-treating also coarsened the gr ains considerably as is 
best shown by the aged structure. Aging caused consider- 
able grain boundary precipitate and some random matrix 
precipitation. Rupture testing at 1200° F increased the 
matrix precipitate slightly. 

As an example of one extreme to which microstructures 
varied with composition, figure 8 shows microstructures for 
the OMo-OW-OCb alloy in the as-cast, solution-treated, 
aged, and rupture-tested conditions.. The structures differed 
from those of the basic alloy in that: There was, much less 
excess constituent in the as-cast and the solution-treated 
conditions; grain size after solution treatment was much 
larger; and aging produced more precipitate near the grain 
boundaries and a preferred type of matrix precipitate which 
tended to follow definite crystallographic planes. The two 
alloys also differed in that the 0Mo-0W-0Cb alloy had 
a completely intergranular fracture while that of the basic 
alloy was approximately half intergranular and half trans- 
granular. 




Fiquee 7. — M tocos true fares of basic alloy (heats). 
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toox 10OOX 

(c) Solution-treated; 1 hour at 2200° Frwafccr-auenchod. 




Fioube 7.— Continued. 




Fracture 100 X 


(e) Rupture specimen; 499 hours 



1000X 

rupture at 1200° F under 40,000 psL. 


’.—Concluded. 
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The above comparison has pointed out the major simi- 
larities and differences in structures which were found for all 
the alloys. Similarities were: 

(1) The amount of excess constituent in the solution- 
treated condition was proportionate, for any given alloy, to 
the amount of excess constituent in the as-cast condition. 
The structures indicate that the rapid cooling of the ingot 
after solidification effectively solution-treated the material. 

(2) All grain boundary constituents were dissolved during 
solution treatment. 

(3) Precipitation occurred during aging at 1400° F. 

(4) Very little additional precipitation occurred during 
rupture testing at 1200° F for any of the alloys with the ex- 
ception of low-Co modifications. 

Major structural differences between the alloys were: 

(1) Amount of excess constituent after solution treat- 
ment. 

(2) Grain size. 

(3) Location, type, and amount of aging precipitate. 

Classification of microstructures. — In order to condense 

the description of and to make possible a quick comparison 
of the changes in microstructure occurring with variation in 
chemical composition the following classification of micro- 
structures of the solution-treated and the aged materials was 
devised. Symbols were used to indicate the differences in 
the basic structural. characteristics. * 

(1) Solution-treated structures 

Amount of insoluble constituent: 

I— small 

II — medium 



III — large 

IV — verj' large 
(2) Aged structures 

A. S. T. M. grain size number: 

l(up to 1 Is grains/sq in. at 100X magnification) to 8 
(36 grains or more/sq in. at 100X magnification! 
Amount of grain boundary precipitate: 
x — small 
y — medium 
z — large 

Type of matrix precipitate: 

C — precipitate tends to follow crystallographic planes 
R — random matrix precipitate 
Amount of matrix precipitate: 
a — small 
b — medium 
c— large 
cf— very large 

As an example of how this classification works the struc- 
tures of the basic alloy (fig. 7) and the OMo-OW-OCb 
modification (fig. 8) are classified below: 

(1) Basic alloy: 

Classification — II 5 y Rb 

II — medium amount of insoluble constituent 
5 — number 5 A. S. T. M. average grain size 
y — medium amount of precipitate near the grain 
boundaries 

Rb — medium (b) amount of random (R) matrix pre- 
cipitate 



300X 100QX 

(a) Carbon, 0,08 percent (beat 13). 

Fiouee fl.— Influence of carbon content on mferostructure of solution-treated and aged basic alloy. Treatment: 2200° F for 1 hour, water-quenched; 1 100’ F for 24 hour*. 




100X 


IOOOX 


(o) Oarhoo, 0.60 percent (heat 16). 


Figure 8. — Ccmclnded. 


+tur 
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100X 


(a) 1 hour at 2200° F, water-quenched. 


1000X 



100X I000X 

(b) 10 hours at 2200° F, water-quenched. 

Figoti 10.— Effect of Increasing solution time on mkrostructure of O.0O-peroant-caibon basic alloy (beat 16). 


o 
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100X 


(a) Silicon, 1.2 percent (teat 28). 


100GX 



IClOX 1000X 

(fa) Silicon, L6 percent (heat 80). 

Figure h — Influence of silicon content on mlcrostructure of solutfon-treated and aged basic alloy. Treatment: 2200° F for 1 boor, water-quenched; 1400° F for 24 hours. 
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100X 1000X 

(b) Chromium, 30 percent (teat E2). 

Fiotnts 12.— Influence of chromlam content on microstrnctare of solution-treated and aged basic alloy. Treatment: 2200° F for 1 hour, water-quenched; UW F for 24 boon. 
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100S 1000X 

(b) Nickel, 10 percent (beat 25). 

Figure 13.— Influence of nickel content on microstructnie of solution-treated and aged baste alloy. Treatment! 2200° F lor 1 hour, water-qnenched; 1400° F for 24 hoars. 


213037 — 5 ! 


•88 































100X 


lOOOX 


(c) CoiiimbLam, 4 percent (heat 49). 
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100X 


ltwox 


(a) Molybdenum, 0 percent; tungsten, 0 percent; colnmblum, 1 percent (heat 09). 




1Q0X 1000X 

(b) Molybdenum, 2 percent; tungsten, 2 percent; oolumblum, 4 percent (heat 62). 

Figure 16.— Influence of varying molybdenum and tungsten additions on microstructure of modified alloys containing 4 peroent columblum. Treatment: 2200° F for 1 hour, watcr-quenched 

1100° F for 24 hours. 
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LOCX 

fc) Molybdenum, 4 percent; tungsten, 4 
Fiocee 16.- 


(2) OMo-OW-OCb alloy: 

Classification — I 1 z Cb 

I- — small amount of insoluble constituent 
1 — number 1 A. S. T. M. average grain size 
2t — large amount of precipitate near the grain 
boundaries 

Cb — medium (b) amount of matrix precipitate on 
crystallographic planes (C) 

The microstructural classifications are given in 'table YII 
for all the experimental alloys arranged for comparative 
purposes on the basis of the alloying element varied. For 
the alloys in which simultaneous variations were made in 
Mo, W, and Cb the classifications are repeated to show the 
influence of individual variations of these elements. 

Influence of alloying elements on microstructure. — The 
effects on microstructure of variations of the elements will be 
given on the basis of the classification of table VII, supple- 
mented by photomicrographs showing only the more pro- 
nounced effects observed. 

Carbon: It is indicated in table VII and by the micro- 
structures in figure 9 that as C was increased from 0.08 to 
0.60 percent in the basic alloy the amount of insoluble con- 
stituent and matrix precipitate increased considerably and 
the grain size decreased, while the amount of grain boundary 
precipitate and the randomness of the matrix precipitate 
did not change. Figure 10 also shows that the amount of 
insoluble constituent was not reduced by heating the 0.60- 
percent-C alloy 10 hours at 2200° F over what it was after 
1 hour. 

The increase in the amount of soluble and insoluble con- 
stituents indicates that C is an important component in both 



1000X 

percent; columblam, 4 percent (heat 67). 
■Concluded. 


the soluble and precipitating phases found in the basic alloy 
and its modifications. 

Manganese: There was no apparent effect of Mn on micro- 
structure. 

Silicon: As will be shown later, Si was the only element 
which consistently lowered rupture strength over the com- 
plete composition range studied (from 0.5 percent in the 
basic alloy to 1.6 percent). The microstructures in figure 
11 indicate that variation of Si did not change microstruc- 
tural characteristics except for a smaller grain size for the 
high-Si alloy. 

Chromium: Increasing Cr from 10 percent to the 20 per- 
cent of the basic alloy and to 30 percent drastically changed 
the microstructure as shown by the classification in table 
VII and the microstructures in figure 12. Increasing Cr 
caused the following changes: (1) The grain size becamb 
larger; (2) the amount of grain boundary precipitate in- 
creased between 10 and 20 percent Cr; (3) the matrix pre- 
cipitate became heavier, especially between 20 and 30 percent 
Cr; and (4) for the 30-percent-Cr alloy the matrix precipi- 
tation occurred on the crystallographic planes rather than 
having a random pattern as for the Iower-Cr alloys. 

Nickel: The only pronounced structural variation for the 
series of Ni alloys was the ferrite-sigma-type phase which 
was present in the O-percent-NI alloy (see fig. 13). In the 
solution-treated alloy this phase was free from precipitate 
and the alloy was magnetic. In the aged condition a large 
amount of precipitation occurred in this phase and the alloy 
was nonmagnetic, signifying the transformation from the 
magnetic ferrite-type phase to the nonmagnetic sigma phase. 
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Upon rupture testing at 1200° F the magnetism increased 
with testing time, indicating some reversion to the ferrite- 
type phase. The O-percent-Ni alloy also had less grain 
boundary precipitate and less precipitate in the austenite 
matrix than the higher-Ni alloys. None of the ferrite-type 
phase was observed in the alloy containing 10 percent Ni 
or in any of the other alloys studied in this investigation. 
Alloys containing 10 and 30 percent Ni were very similar 
in structure to the 20-percent-Ni basic alloy. 

Cobalt: Varying Co from 0 to '32 percent produced 
two marked effects (see table VII and fig. 14). The 0- 
percent-Co alloy had a large amount of random matrix 
precipitation in the aged condition. The 10-percent-Co 
alloy resembled the basic 20-percent-Co alloy having only 
a medium amount of matrix precipitate. Increasing Co 
from 20 to 32 percent produced an ahoy in which marked 
germination occurred at the 2200° F solution-treating tem- 
perature, resulting in several very massive grains surrounded 
by grains of normal size across the bar. 


Another effect of Co on the structure occurred during 
rupture testing. Much additional matrix precipitation oc- 
curred in the 0-percent-Co alloy during testing; somo also 
occurred in the 10-percent-Co alloy, and there was very 
little additional precipitate in the 20- and 32-percent alloys. 

There was no evidence that Co changed the amount of 
the insoluble constituent or the grain boundary precipitate 
in the alloys. 

Nitrogen: There was no appreciable influence from N 
varied from 0.004 to 0.18 percent. 

Molybdenum: There were 10 modifications of alloys in 
which Mo was varied between 0 and 4 percent with 10 
different constant ratios of W and Cb. 

In the basic composition Mo was varied from 0 to 7 
percent (alloys 32 to 36 in table VII). The only apparent 
effect of .Mo was the larger grains at both the lower and 
the higher percentages. 

For the nine other alloy modifications (alloys 43, 46, 
46, 53 to 73, and 82 to 84) increases in Mo to 2 and 4 from 
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0 percent produced only very slight changes in structure 
except in the alloys containing Cb (particularly 4 percent 
Cb) in which case the grain size was refined and the amount 
of matrix precipitation during aging was increased. 

Major structural changes between these alloy modi- 
fications were the result of variation in Cb. 

Tungsten: In the 10 alloy modifications in which W was 
varied systematically (alloys 37 to 40, 43, 45, 46, 53 to 
73, and 82 to 84 in table VII) similar observations to those 
for the influence of Mo were made. Increases in W slightly 
refined the grains and increased the matrix precipitation 
to a small degree in some cases. 

Columbium: As shown in table VII for the 10 alloy 
modifications with variable Cb, this element had a marked 
influence on all the structural classification variables. A 
typical example of microstructural changes occurring with 
Cb additions from 0 to 6 percent to the basic composition 
is shown in figure 15. 

Increasing Cb from 0 to the 1 percent of the basic alloy 
produced the following structural changes: (1) Increased the 
insoluble constituent from very little to an appreciable 
amount; (2) drastically reduced grain size; (3) decreased the 
concentration of grain boundary precipitation during aging; 
(4) changed the mode of matrix precipitation from internal 
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crystallographic planes to a random pattern; and (5) de- 
creased the amount of matrix precipitation during aging. 

Increasing Cb from the 1 percent of the basic alloy to 4 
percent continued to increase markedly the amount of 
insoluble constituent, to further gradually reduce grain size, 
and not to alter appreciably the grain boundary concentration 
effects or the randomness of precipitation while increasing 
the amount of matrix precipitation during aging in alloys 
containing four or more percent of Mo or W. ’ 

While Cb did produce major changes in microstructure, it 
is noted that for the alloys arranged in table VII with Cb as 
the systematic variable the presence of either or both Mo or 
W in the alloys increased the tendencies for these changes. 
This is shown in figure 16 for 4-percent-Cb alloys containing 
increasing Mb and W contents. 

Summary of influence of alloying elements on micro- 
structure. — A summary of the effects of alloying elements 
on tendencies for microstructural changes is given in table 

vm. " 

Two elements producing major microstructural changes 
were Cb and C. Both elements increased the amounts of 
insoluble constituent and aging precipitate and refined the 
grain size of material solution-treated at 2200° F. In addi- 
tion, Cb changed the mode of matrix precipitation from 



Treatment 

□ 2200° F, / hr, watet — quenched 

O 2200° F, l hr, wata — quenched; 1400° F, 

24 hr . ; ait — cooled 

Hardness range for four basic heats 

Solution-treated condition 

Solution-treated and aged condition 

Fionas 18- — Curves of hardness against molybdenum content for 10 tongsten-colnmblom modifications. 

21363T — 58 90 
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preferred, when no Cb was present, to random, when the 1 
percent of the basic alloy or more was present. 

Additions of Mo and W produced little change in micro- 
structure except in alloys containing 4 percent Cb in which 
case these elements decreased the grain size and increased 
matrix precipitation. 

Between 20 and 30 percent of Cr a pronounced increase 
occurred in the amount of aging precipitate and the mode of 
precipitation changed from random to preferred. 

Grain size was mildly increased and the amount of aging 
precipitate decreased by Co. 

Additions of Ni (between 10 and 30 percent) produced 
only minor changes in structure. The 0-percent-Ni alloy 
contained a ferrite-sigma type of phase which disappeared 
when Ni was raised to 10 percent. 

The only effect of Si, within the limits studied, was to 
refine grain size slightly. No discernible change in structure 
was produced by Mn and N. 

HARDNESS 

Vickers hardness tests at room temperature were made on 
metallographic. specimens of all tlio experimental alloys in 
the solution-treated (2200° F, 1 hr, water-quenched) and the 
aged (1400° F, 24 hr, air-cooled) conditions. Preliminary 
hardness surveys on several alloys indicated that the forged 


bars had uniform hardnesses both in the lengthwise and the 
crosswise directions. . 

Hardness test results, representing the average of at least 
four tests on each sample, are given in table IX and are plot- 
ted against composition variables in figures 17 to 20. 

There was fair agreement between the hardnesses of fivo 
heats of the basic alloy. Additions of C, N, Cr, Mo, W, and 
Cb tended to increase hardness in both conditions; Ni, par- 
ticularly from 0 to 10 percent, lowered hardness; and Mn, 
Si, and Co did not appreciably affect hardness. Perhaps 
an exception to this was the effect observed for the 1.6-per- 
cent-Si alloy, which was the only one of all the alloys studied 
which did not show hardening as a result of aging. Tho 
addition of Cr from 20 to 30 percent markedly increased the 
age-hardening characteristics of the alloy. _ 

Figure 18 shows the influence of Mo for 10 W-Cb modifi- 
cations. Additions of Mo, while tending to increase hardness, 
did not appreciably increase the age-hardening tendency 
except for the modifications containing more than 4 percent 
total of W plus Cb. For the 10 Mo-Cb modifications 
(fig. 19) the effect of W additions was similar to that observed 
for Mo, although there was Ies9 tendency for increasing age 
hardening with higher alloy contents. In both figures 18 
and 19 it is seen that there was a greater difference between 
the hardness in the solution-treated and the aged conditions 



Alloy 



□ 2200 ° E / hr, watet — quenched 

o 2200° F, I hr, watet — quenched-, 1400° F, 
24- hr, oit — cooled 


Hardness range -for four basic heats 

Solution- treated condition 

So/utlonrtreofed and aged condition 

Figure 10,— Curves of hardness against tungsten content for 10 molybdenum-columblum modifications. 
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for the modifications not containing Cb than for the modifi- 
cations containing Cb. This effect is shown again in figure 
20 in that Cb additions from 0 to 2 percent to the 10 Mo-W 
modifications narrowed the age-hardening range. Additions 
of Cb from 2 to 4 percent tended to broaden the age-harden- 
ing range for modifications containing the larger amounts 
of Mo and W. 

It is recognized that these hardness results are not a 
true evaluation of the comparative aging effects caused 
by composition variables. Such an evaluation would neces- 
sarily require aging-time-temperature data. 

INFLUENCE OF CHEMICAL-COMPOSITION VARIABLES ON 
RUPTURE TEST CHARACTERISTICS AT 1200° F 

The results of rupture tests at 1200° F for all the alloys 
studied are given in table X. Included in this table are the 
times for rupture, elongations, reductions of area, and mini- 
mum creep rates obtained from the curves of elongation 
against time for the individual tests. Also included are 
100- and 1000-hour rupture strengths obtained from double- 
logarithmic plots of stress against rupture time (an example 


1200° F OF CTROMIUK— COBALT— NICKEL— IRON ALLOYS 1411 

is shown in fig. 5) ; estimated elongation to rupture in 100 
hours; stresses for creep rates of 0.1 and 0.01 percent per 
hour obtained from double-logarithmic plots of stress against 
minimum creep rates from the rupture tests (an example 
is shown in fig. 6) ; and minimum creep rates at 40,000 psi. 
The alloys are listed in table X in the approximate order, 
of the element varied in the basic analysis. 

Rupture tests of sufficient number and duration were 
conducted to establish the 100-hour rupture strengths. 
The 1000-hour rupture strengths were obtained by extra- 
polation of the double-logari thmic curves of stress against 
rupture time. Unless the maximum-time rupture test was 
longer than 500 hours, however, the 1000-hour strengths 
are listed in table X as estimated and are indicated as such 
on the curves of strength against ch em ical composition. 

In this evaluation of the influence of variations in chemical 
composition on the properties most emphasis has been placed 
on rupture properties at 1200° F. Because the creep data 
were obtained from the rupture tests, it is emphasized that 
the rates of deformation were much higher than those 
usually associated with reported “creep strength.” 




a 2200° F, / hr, wafet — quenched 
O 22O0 c F, l hr; wafer— quenched] 1400° 2, 
24 hr, air-cooled 


Hardness range for four basic heats 

Solution -treated condition 

Solution-treated and aqed condition 

Pxgcbz 20. — Curves of hardness against columblum content for 10 molybdenum- tungsten mod i fic ations. 
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IDO-HOUR RUPTURE PROPERTIES AT 1200 s F OF MODIFIED ALLOYS 

The 100-hour rupture strengths and elongations for all 
of the alloys are arranged in order of increasing 100-hour 
rupture strengths in figure 21. The ranges in properties 
for the basic alloy heats, forged both as squares and as rounds, 
are indicated to show the significant variations in properties. 
The following observations are made: 

(1) The over-all 100-hour rupture strength range was 
from 26,000 to 52,000 psi. " The lowest-strength alloy was 
the one which did not contain Mo, W, and Cb. The two 
highest-strength alloys were modifications of the basic alloy, 
one containing 30 percent Cr, the other 7 percent W. 

(2) Six alloys had rupture strengths above the range 
of the basic alloy forged to round bars. None of the alloys, 
however, were above the range for the basic alloy forged 
to squares where the practice was not so well controlled. 

(3) It appears that all of the elements can be varied indi- 
vidually over relatively wide ranges without appreciably 
altering rupture strengths. It will be shown, however, that 
in most cases rupture strengths varied consistently with 
systematic variations in composition. 

(4) Alloys having strengths near the lower end of the 
range were those containing the smallest amounts of Mo, 


W, or Cb added separately or two at a time. Additions of 
greater amounts of these elements generally yielded rupture 
strengths which were closer to the strength range of the 
basic alloy. 

(5) Adding 2 percent of either Mo, W, or Cb to the lowest- 
strength alloy increased the 100-hour rupture strength in 
the order of 10,000 psi or more. 

(6) Strengths in the order of those of the basic alloy were 
obtained without the presence of Cb. Strengtlis almost as 
high were obtained without the presence of Mo or of W. 

(7) Low Cr, Co, or Ni and high Si resulted in lower 
strengths than the range for the basic heats. 

(8) Elongation at rupture in 100 hours ranged from 5 to 
40 percent. 

(9) There was no relationship apparent between rupture 
elongation and strength. The omission of Cb resulted in 
consistently low elongation. More Cr or Co than the 20 
percent of the basic alloy also t lowered elongation. 

INDIVIDUAL VARIATIONS OF ELEMENTS 

The influence on rupture test characteristics of systematic 
variations of the individual elements, shown in figures 22 
to 31, was as follows: 
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Carbon. — The effect of C, varied from 0.08 to 0.60 per- 
cent, was only slight. All the rupture strengths fell within 
close proximity to those of the basic alloy (see fig. 22). The 
variable C heats were forged as squares and are compared 
with the property ranges found for similarly forged basic 
heats. The lowest and the highest C heats had rupture 
elongations below normal. 

Nitrogen. — Variations of 1ST, from 0.004 to 0.18 percent, 
tended to increase strength somewhat (see fig. 23). The 
alloy containing 0.004 percent N" had strengths which were 
slightly below those of the basic 0.12-percen.t-N’ alloy while 
the 0.08-percent-iSr alloy was slightly stronger. 

Manganese. — Figure 24 shows that Mn variations from 
0 to 2.5 percent had no significant influence on rupture 



O Measured value 
Cf Estimated value 

fy a lues tor basic alloy are 
average at five basic heats ) 



O Measured value 
Cf Estimated value 

. (Values for basic alloy are 
average of three basic heatsi 

FimiKE 23. — Curves of mptnre test data at 1200“ F against nitrogen content of basic alloy. 
Horizontal dashed lines Indicate property range Cor three basic heats. 



o Measured value 
d Estimated value 

(Values for basic allay ore 
average of five heats) 

Fig use 2i . — Curves of rupture test data at 1200° F against manganese content of basks alloy. 
Horizontal dashed lines indicate property range for 2ve basic heats. 


Fiohee 22. — Carves of rupture test data at 1200° F against carbon content of basic alloy. 
Horizontal dashed lines Indicate property range for five basks heats. 
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properties except a somewhat lower elongation for the low- 
Mn heat. . 

Silicon. — Figure 25 shows that increasing Si from the 0.5 
percent of the basic alloy to 1.6 percent produced a marked 
lowering of rupture strength and an increase in elongation. 
The stresses at constant creep rates were lowered and creep 
rates at 40,000 psi were noticeably raised in agreement with 
trends in rupture properties. This was the only case in 
which the addition of an element consistently lowered 
strength over the complete composition range studied. 

Chromium. — The influence of Cr variations from 10 to 30 
percent is shown in figure 26. The 100-hour rupture strengths 
were increased from 39,000 to 52,000 psi while rupture 
elongation decreased from 25 to 10 percent. Similar marked 



O Measured value 
O' Estimated value 

• { 'Values for basic alloy are 

average of three basic heats) 

Fioube 21.— Outtbs of rupture test data at 1200° F against silicon content of basioalloy. Hor- 
izontal dashed lines Indicate property range for three basic heats. 



O Measured value 
O' Estimated value 

(.Values for basic alloy are 
average of three basic heats) 

Floras 26.— Curses of rupture test data at 1200° F against chromium oontent of basic alloy. 
Horizontal dashed lines Indicate property range for three basic heats. 


increases occurred in 1000-hour rupture strengths and 
stresses at constant creep rates while the creep rate at 40,000 
psi was drastically reduced, particularly between 10 and 20 
percent _ Cr. 

Nickel. — Additions of Ni from 0 to 30 percent had littlo 
influence on properties as shown in figure 27. The 0- and 
30-perceht-Ni alloys had slightly lower rupture strengths 
than the range for the basic 20-percent-Ni beats, producing 
an apparent maximum in strength between 10 and 20 per- 
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O Measured value 
O' Estimated value 

0 /a/ues for basic alloy are 
average of three basic heats! 

Figure 2U—CarYesof rupture test dfltaatl200” F against nickel content of basicaHoy. Hot- 
frontal dashed lines Indicate property range for three basic heats. 

cent Ni. A s imil ar slight trend was noted in stresses at 
constant creep rates while the creep rate at 40,000 psi 
decreased and then increased with increasing Ni, following 
the trend of the change in elongation at fracture in 100 
hours. 

Cohalt. — Figure 28 shows the influence of Co variations 
from 0 to 32 percent. The 0- and 10-percent-Co alloys had 
lower rupture strengths than normal with little effect on 
elongation. The 20- and 32-percent-Co alloys had equal 
100-hour rupture strengths at a higher level than those 
with lower Co. The 1000-hour rupture strengths and 
stresses at constant creep rates were improved, while the 
elongation and creep rate were lowered, when Co was in- 
creased from the 20 percent of the basic alloy to 32 percent. 


1200° F OF CHROMIUM— CORAI/r— NICKEL— IRON ALLOTS 1415 



O Measured value 
O' Estimated value 

(yalues for basic alloy are 
average of three basic heats! 

Figure 28. — Curres o l rupture test data at 12CO° F against cobalt content of basic alloy. 

Horizontal dashed lines indicate property range for three basic heats. 

Molybdenum. — Additions of Mo from 0 to. 7 percent im- 
proved rupture and creep properties as shown by figure 29. 
The most marked improvement in rupture strength from 
Mo was from additions of 1 to 3 percent. 

Tungsten. — Figure 30 shows that the improvement in 
rupture strength with additions of W from 0 to 7 percent 
was gradual over the entire range, this addition increasing 
100-hour strength from 45,000 to 52,000 psi. The stresses 
at constant creep rates showed a similar trend to rupture 
strengths while rupture elongation was not at all affected 
by W. 

Columbium. — Figure 31 shows that increasing Cb from 0 
to the 1 percent of the basic alloy increased the 100-hour 
rupture strength from 40,000 to 48,000 psi. Additions of Cb 
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O Measured value 
O' Estimated value 

(Values for basic alloy are 
average of three basic heats) 

Fiouhe 29.— Curves of rupture test data at 1200° F against molybdenum content of basic alloy. 
Horizontal dashed lines Indicate property range for three basic beats. _ 

from 1 to 6 percent produced no further improvement in 
strength. A similar trend was shown by creep properties. 
However, the increase of 44,500 to 47,500 psi in the stress 
for a minimum creep rate of 0.1 percent per hour between 
0 and 1 percent Cb was not of the same magnitude as the 
rupture strength increase. Rupture test elongation was 
raised from 12 to 22 percent by the addition of 1 percent Cb 
and tended to increase further with higher Cb. 

SIMULTANEOUS VARIATIONS OF MOLYBDENUM, TUNGSTEN. AND 
COLUMBIUM 

In addition to the individual variations of all the elements 
the effects of simultaneous variations of Mo, W, and Cb 
in steps of 2 percent from 0 to 4 percent were evaluated. 
This made possible curves showing the influence on prop- 
erties of systematic variations of one of these elements for 
10 different constant ratios of the other two elements. 



o 

cr 


Measured value 
Estimated value 

Values for basic alloy are 
average of three basic heats) 


■ Figure 30.— Curves of rapture test data at 1200° F against tungsten content of baslo alloy. 
Horizontal dasbed lines Indicate property range for three basic heats. 


Molybdenum. — The influence of the Mo variations from 
0 to 4 percent on rupture test characteristics of alloy modi- 
fications, including the basic alloy, with 10 different con- 
stant ratios of W and Cb is shown in figure 32. Curves 
comparing the relative effect of Mo on the 100-hour rup- 
ture strength of the 10 W-Cb modifications are shown in 
figure 33. ' 

Increasing Mo from 0 to 4 percent tended continuously 
to increase the 100-hour rupture strength for all the ratios 
of W and Cb. The relative effect was greatest for the 
modifications containing neither W nor Cb, the strength 
increase being from 26,000 to 42,000 psi. In alloys con- 
taining W or Cb the strengthening effect of Mo was greatest 
for the alloys which contained 2 and 4 percent of W and 
no Cb. This strengthening effect was less for alloys con- 
taining 2 and 4 percent Cb and no W and became even less 
for those, containing both Cb and W which had a highpr 
level of initial strength. 
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O Measured value 
O' Estimated value 

(l /a/ues for basic alloy are 
average of three basic heats) 

Fir,U2E 31. — Curves of rupture test data at 1200° F against eotumiilum content of basic alloy. 

Horizontal dashed lines Indicate property range fix three basic beats. 

The 1000-hour-strength trends followed tliose of tlie 100- 
hour strengths. There was a slight tendency for incre asin g 
Mo to widen the difference between the 100- and 1000-hour 
rupture strengths in the mo difi cations containing more than 
6 percent total of W plus Cb. 

Tn general Mo tended to improve the 100-hour rupture 
elongation. It is noted that for the alloys in which Cb was 
absent the elongation was quite low (5 to 15 percent) as 
compared with the elongations above 20 percent of the alloys 
containing 2 and 4 percent Cb. 

The stresses causing a minimum creep rate of 0.1 percent 
per hour followed the trends and were of the same order of 
magnitude as the 100-hour rupture strengths. The trends 


and magnitudes of stresses causing a creep rate of 0.01 per- 
cent per hour were somewhat similar to those of the 1000-hour 
rupture strengths. Creep stresses were consistently higher 
than rupture strength, however, for the 0-percent-Cb alloys 
having low rupture elongation and were somewhat lower than 
rupture strength for the alloys with higher elongation. 

Tungsten. — By rearranging the data for alloys involving 
simultaneous variations of Mo, W, and Cb figures 34 and 35 
were obtained. These show the influence of W variations 
from 0 to 4 percent on rupture test characteristics of alloy 
modifications with 10 different constant ratios of Mo and Cb. 

Additions of W produced an almost linear increase in 100- 
hour rupture strength. The greatest improvement, 26,000 
to 41,000 psi, was for the OMo-OCb modifications, with the 
relative improvements tapering off for the alloys with higher 
Mo and Cb to about 4000 psi in the range 46,000 to 50,000 
psi for the 4Mo-ACb modifications. The 1000-hour rupture 
strengths, although only estimated in many cases, followed a 
similar, but not quite so pronounced, trend. The trends in 
creep properties were also, in general, the same as those for 
the rupture strengths with the additional effect of the level 
of elonga tion on the relation between rupture strength and 
stresses at constant creep rates. 

There was a general tendency for W to lower the 100-hour 
rupture elongation very slightly. The low elongation of the 
alloys which did not contain Cb was again noted. 

Columbium. — The data arranged to define the influence 
of Cb are shown in figures 36 and 37. The influence of Cb 
on rupture strengths was significantly different from the 
influences of Mo and W. Additions of Cb from 0 to 2 percent, 
in general, increased the 100-hour rupture strength, but there 
was no significant strength increase with greater additions. 
This finding, in addition to the observation of the influence 
of 1 percent as compared with that of 0 percent Cb on the 
strength of the basic alloy, led to the preparation of an 
additional alloy (77) containing OMo-OW-lCb which fits 
into the OMo-OW alloy modifications as shown in figure 36. 
This alloy had as good or better strength properties than the 
OMo— 0W-2Cb modification. The addition of Cb to the 
4Mo-2W and 4Mo-4W modifications evidently had no effect 
or a slightly detrimental effect on rupture strength. 

One or two percent of Cb markedly improved the rupture 
elongation. An additional slight improvement was realized 
with even higher Cb. 

The stresses causing a creep rate of 0.1 percent per hour 
were hig her than the 100-hour rupture strengths for 0-per- 
cent-Cb alloys but lower than the rupture strengths for alloys 
containing Cb. Thus the creep stress did not follow the 
increase in rupture strength with the additions of 1 or 2 
percent Cb but either remained constant or decreased. It 
appeared that the marked increase in elongation with small 
Cb additions was the factor responsible for the improvement 
in rupture strength. 

It can be concluded that, for the alloy modifications 
studied, additions of Cb are necessary to produce substantial 
ductility in the rupture test, but additions of more than 2, 
or probably 1, percent of Cb add nothing to the rupture 
properties of the alloys. 
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Fiouke 38.— Curves of rupture teat data at 1200° F against colninblum content for 10 molybdenum-tungsten modifications. Horizontal dashed lines Indicate range of 100-hour rapture strength 

for three basic heats. 



FiounE 87.— Summary of Influence of columbinm on 100-bour rapture strength at 1200° F of 
10 molybdenum-tungsten modifications. Horizontal dashed lines indicate property range 
for three basic heats. 
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Comparative influences of molybdenum, tungsten, and 
columbium. — Figure 38 shows comparative influences of 
Mo, W, and Cb on the 100-hour rupture properties at 
1200° F for three of the alloy modifications in which these 
elements were varied simultaneously: OMo-OW-OCb, 2Mo- 
2W-2Cb, and 4Mo-4W-4Cb. Two of the three elements 
are constant while the third is varied from 0 to 4 percent 
giving a family of three curves with one co mm on composition. 
The 100-hour rupture strengths varied from 26,000 to 51,000 
psi. Comparative influences of elements on rupture strengths 
were as follows: 

(1) For the family of curves in which there is a common 
alloy with a composition of 0Mo-0W-0Cb, a Cb addition 
of 1 percent gave the highest strength; higher Cb lowered 
the strength. Increasing Mo and W increased strength 
continuously with Mo having the greatest influence. The 
strengths of the alloys on this family of curves ‘were at a 
lower level, 26,000 to 42,000 psi, than those for the other 
two alloy modifications. 

(2) For the 2Mo-2W-2Cb modifications, having strengths 
between 40,000 and 49,000 psi, Mo had the greatest strength- 
ening influence; Cb was next, but strength dropped off' 
above 2 percent Cb; and W produced a consistent, hut the 
least, over-all strength increase. 


(3) The 4Mo-4W-4Cb modifications were at the highest 
strength level of the three, 45,000 to 51,000 psi. Additions 
of Mb and W had about the same strengthening influence 
while Cb tended to lower strength. 

The effects of the elements on 100-hour rupture elongations, 
also shown in figure 38, were the same for all three levels 
of composition: W tended to lower elongation slightly; 
Mo raised the elongation slightly; and Cb additions from 
0 to 1 or 2 percent markedly raised the elongation from 
values below 10-percent elongation to 20 percent or higher. 

The combined influence on 100-hour rupture strength of 
Mo, W, and Cb, on a total weight percent basis is shown in 
figures 39, 40, and 41. Each of these graphs contains the 
same points plotted to the same coordinates, these points 
representing all of the alloys in the testing program in which 
Mo, W, and Cb were varied, the remainder of the basic 
analysis being constant. The difference between the graphs 
is in the method of joining the points. In figure 39 the points 
are j'oined to give curves showing the effect of Mo varied 
from 0 to 4 percent for 10 constant ratios of W and Cb. 
In figure 40 the points are joined to show the effect of W 
and in figure 41 the curves show the effect of Cb. 



Two of three elements constant at- Variable element (from 

Oj O percent 2,2 percent 4- 9 4- percent O to 4- percent) 



Figure 38 —Comparative influences of molybdenum, tungsten, and columbfum on 100-hour rupturo properties at 1200° F of modified alloys. Horizontal dashed lines indicate property- 

range for three basic heats. 
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Fiocee 89.— Influence of molybdenum additions (0, 2, and 4 percent) on a total weight percent 
basis of molybdenum, tungsten, and columbium on 100-hour rupture strength at 1200“ F of 
modified alloys. Horizontal dashed lines Indicate property range for three basic heats. 



Fioube 40.— Influence of tungsten additions (0, 2, and 4 percent) on a total weight percent 
basis of molybdenum, tungsten, and oolumblum on 100-hour rupture strength at 1200“ F of 
modified alloys. Horizontal dashed lines Indicate property range for three basic heats. 


The array of points in these graphs indicates the general 
strength increase resulting from increasing the total alloy 
content of Mo plus W plus Cb from 0 to 12 percent. The 
main reason for the scatter of the points is evident from 
comparison of the curves in the three graphs. Both Mo 
(fig. 39) and W (fig. 40) produce strength increases over the 
entire composition range, while the Cb curves (fig. 41) 
above 1. and 2 percent Cb flatten out and cut horizontally 
across the property range. This emphasizes the unique 
influence, shown in previous graphs, of Cb on rupture 
strength. 

The comparative influence on 100-hour rupture strength 
of Cb in relation to the influence of Mo and W is broken 
down further in the graphs of figure 42. Curves at constant 
Cb contents of 0, 1, 2, and 4 percent indicate the combined 
strengthening influence of Mo plus ,W. Curves represent- 



ing this influence have been drawn and are summarized in 
the bottom graph in which Cb content is the parameter. 
The short-dashed curves on the upper four graphs repre- 
sent the influence of Mo and the long-dashed curves, tho 
influence of W at constant amounts of the other element. 

The spread in data in the graphs of figure 42 was much 
less than that in figures 39, 40, and 41 in which the influence 
of Cb was not separated. When Mo is added in lower per- 
centages' it has the greater strengthening influence and W 
has the greater influence at higher percentages. These trends 
cause the curves representing the Mo and W influences to 
turn toward the center of the range representing the data 
spread at the higher percentages of these two elements and 
thus to strengthen the reliability of the single curves repre- 
senting the data at constant Cb contents. 

The summary curves in figure 42 indicate that additions 
of more than 1 percent of Cb were of no benefit to the alloys. 
When approximately 8 percent total of Mo plus W was 
present any addition of Cb was of no benefit to the strength. 
As has been noted previously, however, Cb additions of 1 
percent markedly improved the rupture ductility over that 
of the 0-percent-Cb allo 3 's, regardless of the influence of Cb 
on strength. 

From, the summary curves in figure 42 it is possiblo to 
predict the 100-hour rupture strength of alloys with any 
combination of Mo and W, at the four Cb levels, within tho 
composition range in which these elements were investigated. 
Such predictions for alloys falling within the range of 0 to 1 
percent Cb are not possible because data were not obtained. 
Based on the data, the largest error in these predictions 
would be in the vicinity of 2 percent total of Mo plus W. 
This error could be as much as 2500 psi, which is not largo 
compared with the 2000-psi range in properties found from 
heat to heat of the basic alloy. Such predictions of course 
are tempered by the limitations of the investigation, par- 
ticularly by the limitation of only one condition of prepara- 
tion and heat treatment. 




100-hr rupture strangth , psf 
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Fig cee 42.— Influence of molybdenum and tungsten additions on a total weight percent basis on 100-hour rapture- strength at 1200° F of Colombian! modifications. 
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SUMMARV OF INFLUENCE OF CHEMICAL COMPOSITION ON HUPTUHE 
TEST CHARACTERISTICS 

Individual variations of elements. — Figure 43, which sum- 
marizes the rupture properties at 1200 6 F for variations of 
one element at a time in the basic analysis, indicates the 
following influences of chemical composition for alloys melted, 
forged, and heat-treated under the conditions of this in- 
vestigation: 

(1) Variation of C and Mn had no appreciable influence 
over the ranges examined. 

(2) Very low N caused somewhat low rupture strength 
and intermediate N produced strengths slightly above normal. 

(3) The effect of Si was unique in that increasing amounts 
lowered rupture strength and increased elongation. 

(4) Increasing amounts of all other elements resulted in 
increased rupture strength over the complete range of vari- 
ation except Ni, Co, and Cb which apparently reached a 
saturation content for rupture strength at 10, 20, and 1 per- 
cent, respectively. Additions of Cb caused a pronounced 
increase in rupture elongation 

(5) A saturation point for Mo and W was approached at 

the 3- and 2-percent levels of the basic alloy although im- 
provements were obtained by further additions of these 
elements. The element Mo increased and W had no effect 
on elongation. * 

(6) The rupture strength was markedly increased by ad- 
ditions of Cr from 10 to 30 percent, and rupture elongation 
was decreased. 

(7) Relative magnitudes of 100-hour rupture-strength 
improvements were: 20 percent Cr. increased strength 13,000 
psi; 7 percent Mo, 8500 psi; 7 percent W, 7000 psi; and 1 per- 
cent Cb, 8500 psi. The addition of 1 percent of Si decreased 
strength 5000 psi. 


The following modifications had strengths appreciably 
below that of the basic alloy: 1.2 percent Si, 1.6 percent Si, 
10 percent Cr, 0 percent Co, 10 percent Co, 0 percent Mo, 
1 percent Mo, 2 percent Mo, 0 percent IV, 1 percent W, and 
0 percent Cb. The only alloys which had appreciably higher 
strengths than the basic alloy w r ere those with 30 percent Cr 
and 7 percent W. From this it appears little was done to 
improve the 1200° F rupture strength of the basic alloy in 
the single condition of treatment studied, that rather wide 
individual variations of the elements can be permitted, 
particularly to higher values than those in the basic analysis, 
without appreciably altering properties, and that Cr, Co, 
Mo, W, and Cb are necessary for high strength. 

Simultaneous variations of molybdenum, tungsten, and 
columbium. — The summarized influences on rupture prop- 
erties at 1200° F of simultaneous variations of Mo, W, and 
Cb in the basic analysis, shown in figuro 42 for the 100-hour 
rupture strength, serve to emphasize the general findings 
when these elements were varied individually. These 
influences are as follows’: 

(1) The absence of Mo, W, and Cb yielded an alloy with 
very low rupture strength, 26,000 psi for rupture in 100 
‘horn’s. 

(2) Separate additions of Mo, W, or Cb in amounts up 
to 4 percent to the OMo-OW-OCb analysis raised the 100- 
hour rupture strength up to at least 40,000 psi as compared 
with 49,000 psi for the basic alloy. 

(3) Simultaneous additions of the tlirec elements in 
amounts up to 4 percent at least doubled the strength of 
the OMo-OW-OCb analysis. Such additions did not, 
however, yield alloys with properties which were outstand- 
ingly better than those of tho basic alloy. 



Figure 43. — Summary of Influence of variation of Individual alloying elements in basic alloy on 100-hour and 1000-hour rupture strengths and 100-hour rupture elongation at 1200* F. Horizontal 

dashed lines Indicate property range for three basic beats. 
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(4) Additions of Mo and W to 4 percent raised strength 
progressively. Additions of more than 1 percent of Cb, 
however, were not beneficial to strength. 

(5) Additions of Mo and W had little effect on rupture 
test elongation. Alloys containing no Cb had consistently 
low elongation and additions of 1 to 2 percent Cb markedly 
increased the elongation. 

Relation of rupture and creep properties. — It was noted 
in table X and in the graphs of properties against composi- 
tion that the stresses causing a minimum creep rate of 0.1 
percent per hour were similar in magnitude to the 100-hour 
rupture strength. In general it was also noted that changes 
in rupture strength were accompanied by similar changes in 
creep properties except for alloys with relatively low rupture 
elongation, particularly alloys not containing Cb, where 
total elongation appeared to have relatively greater in- 
fluence on fracture time. 

It appears, therefore, that the rupture strengths of the 
alloys were controlled by their inherent resistance to creep, 
as measured by the stresses based on minim um creep rates 
obtained during the rupture test and their total elongation 
to fracture. 

DISCUSSION OF RESULTS 

The results indicate that by careful control of processing 
conditions the high-temperature characteristics of forged 
Cr-Ni-Co-Fe-Mo-W-Cb alloys can be related to systematic 
variations of chemical composition and that major changes 
in rupture characteristics at 1200° F accompany certain 
variations in composition. A summary of the influence of 
alloy modification on the 100-hour rupture strength at 
1200° F is shown in figure 44 for the elements (Si, Cr, Ni, 
Co, Mo, W, and Cb) producing significant changes. There 
were also marked changes with alloy modification in such 
other metallurgical properties as microstructure, hardness, 
and melting and forging characteristics which indicate 
reasons for the observed influence of composition on rupture 
characteristics. 
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Fimtbe It— Summary of Influences of alloy modification on IOO-hour rupture strength at 
1200° F. Horizontal dashed lines Indicate property range for three best: heets. 


The range in 100-hour rupture properties associated with 
the composition variables studied was 26,000 to .52,000 psi 
for the rupture strength and 5 to 40 percent for the rupture 
elongation. These ranges compare with properties of other 
heat-resisting alloys as shown in table XI. It is seen that 
the rupture properties of the basic alloy can he varied over 
just as large a strength range, but at a higher level, as a 
result of variations in prior processing as was obtained by 
composition modifications for a single processing condition. 
The strength of the modification (OMo-OW-OCb) at the 
low end of the composition strength range is similar in 
magnitude to strengths of the standard heat-resisting alloys 
of the 18Cr-8Ni type. Wide property ranges are also shown 
for seven superalloys studied in a research program on a 
large number of alloys in which it was found that no accurate 
eomparision could .be made between alloys on the basis 
of chemical composition because prior processing conditions 
were not controlled. The present investigation has shown 
that certain variables in melting and hot-working procedures 
definitely result in major variations in. high-temperature 
properties and that these variations probably cannot be 
completely removed by subsequent heat treatment. 

LIMITATIONS OF DATA 

Interpretation of the results can be made only subject to 
the limitations initially placed on the investigation and those 
which developed as a result of the investigation. The major 
limitations which appear to be of significance are listed below: 

(1) A limited number of composition variables were stud- 
ied. Simultaneous variations of elements were made only 
for Mo, W, and Cb. While certain of the composition vari- 
ables studied showed significant influences on properties 
there was only limited indication of what to expect from 
simultaneous variation of other combinations of the elements 
in the alloy. 

(2) Comparisons between alloys were limited to properties 
in one condition of prior processing. It was shown that the 
control exercised over processing was sufficient to obtain 
reliable .reproducibility of properties between heats of the 
basic alloy. But it was also shown that, unless all the 
processing procedures, including both melting and hot- 
working conditions, are controlled, variability in properties 
may result. Reasons for this variability were not evident 
from this investigation. The relative influences of processing 
on alloys other than the basic are not known. Because 
only one processing condition and heat treatment were used 
for all the alloys no indication could be obtained of the 
optimum properties which would be expected for the alloys 
by variation of treatment. 

(3) T limi tations ' atp also imposed in the interpretation of 
the influence of composition on high-temperature character- 
istics in general by the fact that only one type of test was 
used to evaluate properties and this at only one temperature. 
Testing time was also usually limited to that necessary to 
establish the 100-hour rupture strength. 

In the discussion of the results of this investigation cog- 
nizance is .made of these limitations. 


1426 


REPORT 1058 — NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 


COMPARATIVE RUPTURE AND CREEP CHARACTERISTICS 

The main reason for consideration of the creep data from 
time-elongation curves of the rupture tests was to determine 
if creep resistance or elongation best correlated with the rup- 
ture strengths. It wa9 observed that in general the stresses 
to cause a creep rate of 0.1 percent per hour were of the same 
order of magnitude and followed the same trends with com- 
position variation as the 100-hour rupture strengths. The 
main exception to this observation was in the alloys in which 
Cb was systematically varied from O.to 4 percent in which 
case the stresses for constant creep rates remained constant 
or decreased with increasing rupture strength (see fig. 36). 
It seemed apparent, therefore, that the marked influence of 
Cb additions from 0 to 1 or 2 percent on increasing inherent 
ductility was responsible for the unusual relation between 
creep and rupture properties. While stressos at a constant 
creep rate of 0.1 percent per hour were of the same order of 
magnitude as: the 100-hour rupture strength, these stresses 
were higher for the O-percent-Cb alloys (low elongation) and 
equal to or less than the rupture strength for the 1- and 2- 
percent-Cb alloys (high elongation). Apparently, therefore, 
the influence of Cb on changing the rupture strength was less 
dependent on the resistance to creep, as measured by stress 
at constant creep rate, than on the relative ability of the 
alloys to deform before fracture. 

Figure 45 shows, for all the alloys studied, the variation of 
the 100-hour rupture strength with stress to cause a creep 
rate of 0.1 percent per hour. Average curves are drawn 
representing the points indicating the low (5 to 10 percent), 
intermediate (11 to 19 percent), and high (20 to 40 percent) 
100-hour rupture-elongation levels encountered .While there 
are ranges for the rupture-creep property relations it is noted 
that the range representing high elongations is definitely at 
a higher level, than that representing low elongations. The 
range for intermediate elongations overlaps both those for 
high and low elongations. These ranges, while partially the 
result of variation in actual elongation within the range, 
particularly at the lower elongations, are believed to be 
mainly caused by the limitation of the reproducibility of 
properties from heat to heat of a given analysis and by the 
fact that the creep properties in many cases were estimated 
from only a small amount of time-elongation data. Another 
possible cause of the ranges could be that for certain alloys 
the stress at constant creep rate is not ah accurate representa- 
tion of the creep resistance. 

In general it appears, however, that the stress to cause a 
creep rate of 0.1 percent per hour is a measure of creep resist- 
ance which does control the 100-hour rupture strength, that 
the relation is linear and represented by a line with a slope 
of approximately 46°, but that the level of rupture properties 
at a given creep resistance is dependent upon inherent ability 
to deform before fracture. Specific examples of the relative 
dependence of rupture strength on stress at constant creep 
rate are as follows (see fig. 45) : 

(1) At a constant 0.1-percent-per-hour creep strength of 
45,000 psi (which means all alloys on tills vertical 45,000-psi 
line have constant creep resistance) alloys having high elon- 



Fiourk 45.— Influence of creep resistance and 100-hour rupture elongratfon on 100-hour ruplur* 
strength at 1200° F of modified alloys. 


gation will take longer to fracture than those having low 
elongation. The 100-hour rupture strength will be approx- 
imately 5000 psi higher for an alloy with 20-percent or more 
total elongation than for an alloy with 5- to 10-percenl 
elongation. 

(2) The 100-hour rupture strength must remain the same, 
for example at 45,000 psi, even though the stress at constant 
creep rate, or creep resistance, decreases by approximately 
5000 psi because the ability to deform prior to fracture 
increases at the same time. 

It is noted in figure 45 that the level of the relation between 
rupture strength and creep resistance is dependent on total 
elongation only at the lower elongations. The reason for this 
is the difference between the time-elongation curves for 
ductile and brittle materials. For ductile materials toward 
the. end of the period of increasing creep rate (third-stage 
creep) there is a large amount of deformation in a very short 
time period. In this case the total elongation has a relatively 
small time dependence, the elongation having little inlluence 
on the rupture time. For brittle materials, on the other hand, 
the elongation change with time is more gradual near the end 
of the test. Thus with the same creep resistance the rupture 
time is more dependent on the relative inherent ability of the 
materials to deform before fracture. 

The points in figure 45 that indicate elongations between 5 
and IQ percent represent the alloys which did not contain Cb. 
One point at the highest stress represents the high-Cr alloy 
which had low ductility. It is evident that the unusual 
relation between creep and rupture properties observed for 
alloys in which Cb was varied systematically was the result 
of the added influence of total elongation on rupture strength. 




INFLUENCE OF COMPOSITION ON RUPTURE PROPERTIES AT 

It can be concluded that the rupture-strength variations 
with chemical composition observed in this investigation 
were the result of the changes in inherent creep resistance 
caused by alloy additions except for composition variations 
for which total elongation to fracture changed from low 
(5 to 10 percent) to high (above 20 percent) in which case the 
greater ability to deform before fracture also improved the 
rupture strength. 

INTERPRETATION OF INFLUENCE OF CHEMICAL-COMPOSITION VARIABLES 
ON RUPTURE PROPERTIES AT 12M° F OF MODIFIED ALLOYS 

Interpretation of the manner in which the composition 
variations influence the high-temperature properties of these 
alloys by controlling the inherent creep resistance and the 
ability to deform before fracture can be made in view of 
simultaneous effects noted in other metallurgical charac- 
teristics. The following observations of such effects were 
made: 

(1) Only the following nine alloys of the 63 different com- 
positions studied developed a pronounced amount of visible 
microstructural precipitate during aging: 


Alloy 

Composition 
variable (percent)' 

15 

O.40C 

IQ 

0.P0C 

52 

30Or 

29 

OCo 

49 

3MO-2W— ICb 

50 

3Mo-2W-8Cb 

82 

2Mo-4W-4Cb 

83 

4Mo-2W—tCb 

87 

4Mo—4W— ICb 


Except for the 30-percent-Cr alloy, the additional precipitate, 
resulting from either increased C or Cb or decreased Co, 
did not have any apparent beneficial effect on strength. The 
matrix precipitate which occurred during aging of the '30- 
percent-Cr alloy was of a different type from that of other 
alloys with heavy precipitation, being preferred rather t han 
random. The hardness increase during aging of the 30- 
percent-Cr alloy was exceptionally large. Thus the sub- 
stantial strength increase with the addition of Cr from 20 to 
30 percent appeared to result, at least in part, from the aging 
characteristics caused by higher Cr. 

(2) Neither Mo nor W, wheu varied from Q to 7 percent in 
the basic alloy containing 1 percent Cb, showed the least 
effect upon the relative amounts of visible precipitate occur- 
ring during aging. However, accompanying the increases in 
these elements were improvements in creep resistance and 
rupture strength over the entire composition range. Like- 
wise Mo and W, when varied simultaneously from 0 to 4 
percent, produced no increase in amount of visible aging 
precipitate in alloys containing 2 percent or less of Cb. 
Creep-resistance and rupture-strength improvements were 
considerable and continuous in the 20 series of alloys in which 
either Mo or W was increased systematically. In 16 series of 
alloys, there was no appreciable change in the effect of these 
elements on aging precipitate present. The remaining four 
series were those containing 4 percent Cb, and in these the 
presence of at least 6 percent total of Mo plus W was neces- 
sary to increase the amount of visible aging precipitate. The 


1200° F OF CHROMIUM-COBALT-NICKEL-IRON ALLOTS 1427 

elements Mo and W were similar in effect on properties in 
these systems as in the systems containing lower Cb. How- 
ever, these high-Cb alloys did not develop an appreciable 
relative increase in hardness during aging and had a random 
rather than the preferred matrix precipitate of the high-Cr 
alloy which apparently derived its superior strength from the 
aging reaction. 

(3) The Cb produced its major improvement in rupture 
strength in additions of 1 percent to the 0-percent-Cb alloys. 
This increase in rupture strength appeared to be the result 
of the higher ductility caused by Cb rather than an improve- 
ment in creep resistance, which Cb additions either did not 
change or reduced. Additions of more than 2 percent Cb 
did not add anything to rupture strength because creep resist- 
ance was not increased and the rupture elongations were 
all at a high level where changes in total elongation did not 
appreciably affect fracture time. Microstructural examina- 
tions indicated that Cb, or the compound it caused to form, 
was at most only partially soluble at temperatures up to 
22Q0° P. Limited solubility appeared to be the reason that 
there was no improvement in creep resistance when Cb was 
added. The major changes in microstructure caused by 
Cb — increasing the amount of insoluble constituent, changing 
the mode of aging precipitation from preferred to random, 
and refining the grain size— appeared to he associated with 
the marked increase in rupture elongation resulting from 
Cb additions. It is noted that low rupture elongation was 
also associated with the preferred type of aging precipitate 
in the 30-percent-Cr alloy. Rupture-strength improvements 
with Cr additions, however, were the result of increased 
creep resistance which was not the case for the Ch-modified 
alloys. 

Additions of 4 percent or more of Cb in the presence of 
6 percent or more of Mo plus W caused a marked increase 
in the amount of random matrix precipitation during aging. 
This additional precipitate added nothing to strength and 
did not appreciably increase the relative hardening during 
aging. However, the strength increases accompanying 
additions of Mo and W in this region continued to be con- 
sistent with those which appeared to be the result of solid- 
solution effects for the lower-Cb alloys. 

(4) There were certain similarities between the effects 
of C and Cb on the amount of excess constituents present 
in the microstructures. While the excess constituents result- 
ing from C and Cb additions were not necessarily the same 
phases, the appearance of large amounts of excess constitu- 
ents, both in the solution-treated condition and during aging 
of the higher-C modifications, had little effect on properties. 
Apparently C combines with elements normally present in 
the solid solution to form certain of the observed excess 
constituents. In view of this the inherent matrix strength 
of the material should be reduced. This effect appeared 
to be the case for the 0.60-percent-C alloy which did show 
a tendency toward lower strength. However, balancing 
factors, which could hold strength up to a certain extent, 
could be that some strengthening resulted from the very 
heavy aging precipitation, or that C did not combine with 
the major elements causing the strength. 
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(5) Additions of Co from 0 to 20 percent which tended 
to raise creep resistance, and thus rupture strength of the 
alloy, decreased the amount of visible aging precipitate, 
apparently increasing the solubility of the strengthening 
elements. Further addition to 32 'percent Co increased 
creep resistance but did not appreciably improve rupture 
strength because of the lower rupture elongation. 

(6) The major strengthening effect of Ni was between 
0 and 10 percent. The addition of 10 percent Ni changed 
the alloy from an imbalanced ferrite-austenite composition 
of the O-percent-Ni alloy to the austenitic-matrix-type alloy 
typical of all the other alloys studied. By preventing the 
formation of the weak ferrite-sigma-type phase 10 percent 
Ni caused the elements in this phase to enter the solid solution 
of the matrix, thus increasing the creep resistance and 
rupture strength. 

Each of the above observations of relations , of metallur- 
gical characteristics and liigh-temperature properties points 
to the conclusion that the major strengthening effects pro- 
duced by alloy variations in this investigation were the result 
of the elements entering into solid solution in the alloys. 
The two outstanding examples of solid-solution strengthening 
were for Mo and W. These elements would enter the solid 
solution by substitution, as also would Cr, Ni, and Co, for 
atoms of Fe, Which they replaced in the alloj’B. The atoms 
of Cr, Ni, and Co are all about the same size as Fe atoms 
and could substitutionally enter the crystal lattice of the 
solid solution with ease. Substitution of the larger or incon- 
gruous atoms of Mo and W into the lattice, however, would 
necessarily set up a strained condition. Such strains in the 
lattice would interfere with the flow conditions during creep, 
thus giving the material higher creep resistance. The role 
of Cb, which also has relatively large atoms, is complicated 
by the high affinity of Cb for C and by the apparent low 
limit of solubility of Cb, or the phase which it forms, in the 
basic alloy system studied. The substitution of the similarly 
sized elements, Cr, Ni, or Co, into the lattice would not set 
up particularly strained conditions and thus strengthening 
from solid-solution effects would not result. This has also 
been demonstrated by a recent investigation of Fe-Cr-Ni 
alloys (reference 2). The effects of NT and Cb on properties 
and microstructure appeared to be the result of these ele- . 
ments influencing the matrix solubility of other elements, 
the two most Jprobable other elements boing Mo and 'WT As 
noted, Cr apparently increased strength, at least in part, 
by aging effects. 

It would appear therefore that as _ the number of incon- 
gruous atoms entering solid solution increased the strength 
should increase proportionately. The composition modifi- 
cations studied most thoroughly in this investigation were 
those involving the simultaneous variation of Mo, W, and Cb. 
The modifications in which Mo and W additions caused 
strength increases wore pointed out as examples of strength- 
ening as a result of solution effects. Figure 46 shows the 

influence on the IQQ-hour rupture strength of total atomic 
additions of Mo and W to alloys containing four levels of Cb. 
This figure is similar to the presentation in figure 42 of the 


same data on a weight percent basis. The solid-line curves 
drawn represent the data even better, however, when pre- 
sented on an atomic percent basis. Trends in tlio summary 
curves, with Cb content as a parameter, are the same, in 
both presentations, Cb above 1 percent being of no benefit 
to strength. In general, the curves in figuro 46 show a 
continuous and approximately proportionate increase hi 
strength with atomic additions of Mo and W. This is 
consistent with what would be expected if solid-solution 
effects are responsible for the strength increase. 

The points in the graphs of figure 40 have been connected 
so as to show the comparative effects of Mo and W, the 
short-dashed lines showing the Mo effects and the long-dashed 
lines the W effects. There is a general trend indicated by these 
curves for W to cause a relatively greater strengthening than 
does Mo. This means that, although the averago solid-line 
curves drawn do represent quite well the data in the graphs 
for the composition ranges studied, additions of atoms of W 
to the solid solution had a greater strengthening effect than 
equivalent atomic additions of Mo. 

Exceptions to the solid-solution strengthening effect, par- 
ticularly that of the 30-percent-Cr alloy, were noted pre- 
viously. One other major exception, which does not agree 
with the conclusion that strengthening resulted from solid- 
solutioiL effects, was that encountered in the influence of 
Si variations. The effect of Si, varied from 0.5 to l.C 
percent, was to lower strength properties markedly and to 
increase total deformation to fracture. There was no 
apparent change in microstructure produced by Si. It was 
also observed that the high-Si alloy was the only alloy of all 
those studied which did not show any increase in hardness 
during aging. 

A due to the apparently anomalous effect of Si is to be 
found in the results of the effect of deoxidation practice 
during melting on the properties of the basic alloy. Table 
VI shows a 100-hour rupture strength of 52,000 psi for alloy 
74 which was not deoxidized, before pouring. This strength 
of 52,000 psi is to be compared with the strength range of 
48,000 to 50,000. psi for the basic alloy deoxidized in the 
normal manner with calcium-silicon deoxidant and with the 
55,000-psi rupture strength of alloy 75 which was deoxidized 
with a zirconium-silicon-iron deoxidant . These results indi- 
cate that a marked influence may occur on properties of a 
given alloy as a result of variation of melting procedure. 
The element Si definitely plays an important role in melting, 
particularly in deoxidation practice. One heat (alloy 27) in 
which the charge was aimed at yielding 0.25 percent Si in the 
basic analysis and which was deoxidized in the normal way 
with 15 grams of calcium-silicon alloy resulted in 0.58 percent 
Si and gave properties typical of the basic alloy. Another 
heat (alloy 79) aimed at 0.25 percent Si, but in which only 
5 grams of calcium-silicon deoxidant were used, resulted in a 
Mqw hole at the ingot center. It thus appears that inherent 
characteristics, imparted to (he material during mellingy 
not removed by subsequent processing, and not evident in 
microstructure, could be responsible for the unusually low 
strengths of the high-Si alloys. 



IOO-hr rupture strength, psi 
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Fiouee 48.— Influence o£ molybdenum and tungsten additions on a total atomic percent basis on I CO-bo or rupture strength at 1200° F ol columblum modifications. 
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The basic alloy has been shown by previous investigations 
to be an alloy which does not develop appreciable strength- 
ening at high temperatures as a result of visible precipitation 
reactions during aging after solution treatment (references 
1 and 3): Evidence presented in this discussion indicates 
that the major strengthening effects accounting for the good 
strength of the basic alloy result from additions of. incon- 
gruous atoms of elements to the solid-solution lattice of. the 
austenite-type matrix. 

Another characteristic evaluated for the alloys was the 
relative forgeability. Although this evaluation was only 
qualitative the indications were that high-temperature char- 
acteristics as measured by rupture tests at 1200° F were in 
general reflected at temperatures of 1800° to 2200° F in the 
relative forgeability of the alloys. Alloys which had higher 
rupture strengths as a result of greater resistance to creep 
also tended tb.be less plastic in the forging range. The main 
exception to this was for Mo additions, which apparently did 
not affect forgeability. The alloys not containing Cb, which 
had quite low rupture elongation, tended to crack during 
forging. .. .. . 

OPTIMUM ALLOT CONTENT AND COMPOSITION RANGES 

In addition to the main objective of determining the 
influence of chemical-composition variations on rupture 
properties at 1200° F, the present investigation was also 
intended as an initial step toward establishment of optimum 
compositions for alloys of the basic-alloy type. Interpre- 
tation of the results for this purpose, however, is subject to 
the limitations of the number of compositions studied and 
the single preparation condition placed on the investigation. 

While the over-all property range obtained was quite wide 
and information was obtained concerning the influence of 
each element on properties, no alloy was obtained which had 
properties which were outstanding compared with those of 
the basic analysis. 

It was shown that most of the elements present in this 
analysis are necessary to yield the best properties, but that 
variations over relatively wide ranges - can be made of one 
element at a time in the basic analysis without. appreciably 
altering properties. Indications are that Ni can be varied 
from 10 to 20 percent, C from 0.08 to 0.60 percent, Co from 
20 to 32 percent, Cb from 1 to 4 percent, Mn from 0 to 2.5 
percent, and N from 0.08 to 0.18 percent in the basic analysis 
without appreciably affecting properties. It was also shown 
that Cr, Mo, and W are necessaiy for maintenance of proper- 
ties and that Cb in additions not beyond 1 percent is neces- 
sary for high ductility characteristics. It is possible, how- 
ever, to obtain strengths as high or higher than that of the 
basic alloy without the use of Cb but this involves increasing 
Mo and W. 

Seemingly the only major reduction in required alloy con- 
tent in the basic alloy, which could be made without appre- 
ciably lowering properties, is that Ni could be lowered to 10 


percent. Possibly Cb could be decreased a few tenths of a 
percent below 1. 

NATURE OF PHASES PRESENT IN EXPERIMENTAL ALLOYS 

As yet little is known concerning the nature of the phases 
present in alloys of .the type investigated. It is generally 
accepted that the austenite-type matrix is a solid solution 
which is saturated with respect to certain unidentified con- 
stituents at both the. solution and aging temperatures. It 
is also known that Cb, Cr, Mo, and W are prone to form 
carbides or nitrides under certain conditions and that inter- 
metallic compounds, such as the Fe-Cr sigma phase, and also 
a ferrite-type phase, are possibilities of mieroconstitueiUs. 

There was "a limited amount of evidence, gained from the 
microstructural studies of this investigation concerning the 
nature of the phases encountered. There is evidence that C 
entered into the reaction forming the phase which was at 
least partially insoluble at the solution-treatment teiftpcra- 
ture and that Cb was the other significant element in the 
formation of this phase. It also appeared that C was 
an important constituent of the precipitate which occurred 
during aging. 

Evidently Cr contributed, to the formation of the phase 
which precipitated during aging of the 0Mo-0W-0Cb alloy. 
It appeared that Cr was also quite important in the aging 
reaction in the 0-percent-Cb alloys since additions of Mo and 
W to these alloys did not change the appearance or appreci- 
ably affect the amount of aging precipitate. 

Additions of Cb from 2 to 4 percent in alloys containing 
high Mq plus W appreciably increased the amount of aging 
precipitate. Evidently this occurred as a result of exceeding 
the solubility limit of the solution which caused the rejection 
during aging of the excess phase from supersaturated solu- 
tion. The constituents of this phase were not evident from 
the data, although there was some indication that Mo and 
W, which apparently increased strength by substitutional 
entrance into solid solution, probably were not present in 
the precipitate. The two examples of this were: 

(1) Additions of C to the basic alloy increased aging pre- 
cipitate but did not appreciably lower strength which would 
be expected if Mo or W were forced out of solution. 

(2) Additions of Cb from 2 to 4 percent in alloys also 
containing at least 6 percent total of Mo plus W did not 
affect strength appreciably while increasing the amount of 
aging precipitate. On the other hand, when Mo or W was 
raised from 2 to 4 percent in alloys containing 4 percent Cb, 
producing alloys with more aging precipitate, the strength 
was improved, indicating that Mo and W went into solution. 

In the event Mo and W did maintain strength by remain- 
ing in or entering into solid solution, it is probable that Cr 
or some - of the other dements with atoms of similar size to 
Cr were forced out of solution as carbides or inlermetnllic 
compounds. . 

On the basis of the composition range studied for N, it did 
not appear that this element appreciably affected the micro- 
oonstituents. . 



INFLUENCE OF COMPOSITION ON BUPTUR'E PKOPEBTIE8 AT 
CONCLUSIONS 

By the use of careful control over processing conditions 
this investigation has shown that for forged alloys conta in ing 
chromium, nickel, cobalt, iron, molybdenum, tungsten, and 
Columbian! it is possible to correlate the stress-rupture 
properties at 1200° F with systematic variations in chemical 
composition and that a wide range in properties can be ob- 
tained by such variations. However, no alloy was obtained 
which had properties which were outstanding compared with 
those of the basic analysis. 

Subject to the limitations placed on this investigation of 
the limited number of composition variables studied, the use 
of only one condition of processing, the evaluation of high- 
temperature characteristics by only relatively short-time 
rupture tests at 1200° F, and the use of only microstruetural 
and hardness data to provide interpretation of results, the . 
findings lead to the following conclusions: 

1 . Carbon (varied from 0. 08 to 0. 60 percent) , manganese 
(0 to 2.5 percent), nitrogen (0.08 to 0.18 percent), nickel (10 
to 20 percent), cobalt (20 to 32 percent), and eolumbium 
(2 to 4 percent) do not appreciably influence 1200° F rupture 
properties. Nitrogen (0.004 to 0.08 percent), chromium 
(10 to 30 percent), nickel (0 to 10 percent), cobalt (0 to 20 
percent), molybdenum (0 to 4 percent), tungsten (0 to 4 
percent), and eolumbium (0 to 1 percent) improve the rupture 
strength. Silicon (0.5 to 1.6 percent) and nickel (20 to 30 
percent) lower rupture strength. 

2. The rupture-strength variations with chemical composi- 
tion observed in this investigation were the result of changes 
in inherent creep resistance, caused by alloy additions, ex- 
cept for composition variations for which total elongation 
to fracture changed from low (5 to 10 percent) to high (above 
20 percent), in which case the greater ability to deform be- 
fore fracture also improved the rupture strength. 

3. The rupture-strength improvements accompanying the 
increased creep resistance with additions of molybdenum and 
tungsten apparently are the result of the strengthening in- 
fluence of these incongruous atoms entering substitution- 
ally into the matrix solid solution. Increased creep resist- 
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ance with nickel and cobalt additions apparently results 
from the manner in which these elements improve the solu- 
bility of molybdenum and tungsten. The increased creep 
resistance produced by chromium additions apparently re- 
sults, at least, in part, from an aging reaction. The creep 
resistance is not influenced by eolumbium which enters 
solid solution to only a very limited extent. Improvements 
in rupture strength with small additions of eolumbium re- 
sult from the greater ability to deform before fracture of 
alloys cont aining eolumbium. The detrimental effect of 
silicon on strength properties is possibly connected with 
melting phenomena which are not yet understood. 

4. Columbium, chromium, and carbon produce major 
changes in microstructure. There is limited evidence to 
indicate that these are the major elements in the present 
excess constituents in the structure of the alloys. 

5. Melting and hot-working conditions have an important 
influence on the inherent high-temperature properties of 
alloys of the type studied. 

University of Michigan, 

Ann Arbor, Mich., October 26, 1949. 
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TABLE I.— CHEMICAL COMPOSITION. OF EXPERIMENTAL ALLOYS 



» Values given only where actual chemical analyses were made; blank spaces indicate same aim value as that of basic alloy. 
» Alloys 1 to 6 were prepared, to develop and standardize melting practice. 

« A Hoys 7, 8,10, 11, and 12 were prepared to determine oontrol of properties with processing from heat to heat of basic alloy, 
a Alloy 27, aimed at low Si, resulted in basic value. 

« Deoxidation practice was varied on alloys 74 and 7S of basic analysis. _ _ . . _ 
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TABLE n. — TYPICAL MELTING RECORD 

[AHo y 72. Aim analvBls, percent: 0.15 C, 1.7 Mn. OJS St, 20 Cr, 20 NI, 20 Co, 0 Mo, 2 W, 4 Cb, 0J2 N] 


(a) Charge 


Melting stock 

"Weight 

(grams) 

Composition contributed by melting stocfc (percent) 

Fa 

C 

Mn 

SI 

Cr 

Ni - 

Co 

Bl 

w 

Cb 

■» 


820 
800 
721 
544 
72 ' 
599 






2a 6 


- 










20.0 





17.99 
4.27 
.4 5 
4.41 

SmlI i 


“fills 

1.21 

10.64 






0.053 

.035 

.066 



— 

— 

a no 
.001 
.006 


68 

0 



1.69 





- 




Ferrcsflfcon (50 percent SI) - 







— 


— 

„ 


0 

100 

276 

0.43 

2.38 







- 




Ferrotungsten. (80 percent W) - 

Ferrocolumbtnm (60 percent Cb) 

0.012 

.028 

0.005 

0.014 

.464 


— 


2.00 

4.00 

— 

Totals.. 

4000 

29.93 

0.146 

L 70 

0.68 

2 L 0 

20.5 

20.0 

0 

2.00 

4.00 

0.117 




0.14 

LS0 

0.06 

20.21 

20.3 d 

20.51 

0 

2.01 

4. 18 

0.12 





(b) Melt data 


Time (min) 

. Operation 

f> . 

Fe, Cr. NI, and Co melting stocfc placed fn. hot cnidbla (filth heat In 
crucible) . 

Power on, 400 volts, 10 kw. 

0 

15. 

17. 

Slag skimmed. 

Mn added. 

Ferrotungsten. and ferrocolnmblnni added. 

Power down to 300 volts, 6 fcw. 

15 grains of 80-percent-Qa and 65-sercent-SI alloy added to deoxidize. 
Slag skimmed. 

Power off. Bath, temperature: Leeds and Northrup optical pyro- 
meter— *2860° F. Pt, Pt-Eh Immersion 
thermocouple — 2840 a F. 

Heat poured. 

1R 

90 

22. 

23 

24. 

25 

27 . _ . 


Coollng-cnrve data tafcan on hot-top metal. Temperature bait In carve at 2480° F. 


2186ST — 53 92 
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TABLE III.— MELTING DATA FOR EXPERIMENTAL ALLOYS 


Alloy 

Modification from basic alloy 
(percent) 

Bath temperature before 
pouring (“F) 

Cooling-curve 
temperature 
halt (°F) 

Leeds and 
Northrup 
optical pyrom- 
eter 

Pt, Pt-Bh 
immersion 
thermocouple 

, 



2570 


8 



2560 


10 


- 



2665 


11 



2680 


12 ... 



2785 


27 


2625 

2600 

2466 






74 


2780 

2840 


75 


2730 

2745 


76 


2526 

2520 



slag. 






13 — 

fl.OftC _ 



25(30 

14 

0. 40 C 




2535 


15 

0.40 O. ... 

- • 



2535 

2500 

16. 

0 60 O' - - 


2585 

2518 

17 

o fin r. 


2585 

>2470 





18 » 

0 Mn__ 

2550 



24 

OMn 

2630 

2617 

>2490 

19. 

0. 30 Mn 


2640 

>2530 

20 

0. 60 Mn 

264Q 

2587 

2561 

21 



2560 

2556 

22 

2. 6 Mti 


2585 

2514 






79- 


2675 

2682 


28 

1.2RT . .. 

2640 

2722 

>2414 

80 

L6 81 



2580 

2610 

2450 

51 

10 Cr 


2758 

2542 

52 

30 Cr 

2722 

2754 

>2430 

23 

0Ni 

2620 



25 

10 Nf 

2600 

2622 

2487 

26 

30 NI. 



2690 

2634 

2456 

29 


2660 

2655 

2471 

30 

10 Co 

2690. 


2479 

31 

32 Co.... . 

267(7 

2857 

2459 






32.... 


270G 

2792 

2529 

33 

1 Mo _ _ 

2670 

2660 

2495 

84 

2 Mo 



2m 

2843 

>2440 

36. 

6 Mo ... 



2710 

2684 

2471 

36 

7 Mo 



— 

2710 

2668 

2474 

37 

0 w 

2710 

2698 

2505 

38 

1 w 

2705 

2692 

2487 

39 

5W _ 

2685 

2690 

>2490 

40 

iw 

2700 

2693 

2484 

47 

n Oh 

2770 

2777 

2553 

48 

2 Cb 


2780 

2508 

49 

4 Cb 

2650 

2703 

2464 

50 

6 Ob - 

2690 


>2390 





41 

ft mu is! 

2709 

2707 

2508 

42 

.08 N... 

JT2Q 


>2480 

81 

i« 

2632 

2648 

2479 







Mo 

TV 

Cb 




48 

0 

0 

0 

2740 

2760 

2592 

44. 

0 

0 

0 

2780 

2790 

>2520 

45 

2 

0 

0 

2750 

2768 

>2530 

46 

4 

0 

0 

2750 

2770 

2537 

53 

0 

2 

0 

2870 

2805 

>2520 

54 

0 

4 

0 

2786 

2783 

2542 

55- 

2 

2 

0 

2762 

2736 

2534 

56 

4 

2 

0 

2742 

2762 

2529 

67 

2 

4 

0 

2732 

2670 

2518 

68 

4 

4 

0 

2832 

2835 

2482 

69 

2 

2 

2 


2790 

2484 

60 

4 

2 

2 

2685 

2680 

2466 

61 

2 

4 

2 

2725 

2728 

2474 

62 v- 

2 

2 

4 

2710 

2703 

. >2400 

63 

2 

0 

2 

2802 

2847 

>2500 

64. 

2 

0 

4 

2740 

2782 

2460 

65 

4 

0 

2 

2760 

2766 

24S8 

66. 

4 

0 

4 

2670 

2720 

2442 

67 

4 

4 

4 

2650 

2878 

2424 

77. 

0 

0 

1 



2613 

68.. 

0 

0 

2 

2810 

2815 

2521 

68 

0 

0 

4 

2710 

2740 

2479 

70.. 

0 

2 

2 

2750 

2782 

2532 

T1 

0 

4 

2 

2740 

2757 

>2510 

72.. 

0 

2 

4 

2830 

2840 

2495 

73 

0 

4 

4 

2730 

2773 

2476 

82 

2 

- 4 

4 ' 

2680 

2602 

>2400 

83 

4 

2 

4 

2625 

2880 

2418 

84 

4 

4 

2 

2602 

2585 

2442 


• Blow hole in Ingot of Iow-Mn (IS) and low-Si (79) heats. 
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TABLE IV.— TYPICAL FORGING RECORD 
[Alloy 65, 4\Io-0N-2CbI 
(a) Forging operations 


Ingot moved to center of Inmace at 2200° Falter a preheat near door o! furnace. 
Ingot on temperature, 2200° F. 


60 hammer blows between flat dies on square Caces of ingot; forging only top half of 
ingot. 

55 blows between flat dies on square feces; 10 blows between flat dies on comers. 
60 blows between flat dies on square feces; ID blows between flat dies on comers. 

55 blows between flat dies on square feces; 10 blows between flat dies on corners to 
approximately LlO-Im-square bar. 


70 blows In first swage. 

21 blows In first swage to approximately QJ5 In. round; 46 blows In second swage. 

64 blows In second swage. 

65 blows In second swage. 

40 blows In second swage to approximately 0.75 In. round; forged piece cut off from 
tmforged half of ingot: forged piece recharged to fnmace. 

85 blows in third swage. 

47 blows In third swage. 

55 blows In third swage. 

55 blows in third swage. 

48 blows In third swage. 

65 blows In third swage to approximately 0.58 In. round; this piece cut In two, both 
pieces recharged to fnmace for forging In the last swage. 


54 blows on bar C, 58 blows on bar D Inlast swage. 

55 blows on bar C, 55 blows on bar D In last swage. 

45 blows on bar 0, 52 blows on bar D In last swage. 

46 blows on bar C, 48 blows on bar D In last swage. 

55 blows on bar C, 56 blows on bar D In last swage. 

60 blows on bar 0,62 blows qn bar D In last swage. 

45 blows on bar C, 46 blows on bar D In last swage. 

40 blows on bar C, 35 blows on bar D lii last swage, finishing to 0.40 in. round. 
Finishing temperatures for all forging operations were 1800“ F or above as judged 
by cofor. 



(b) Forging summary 
















• Letter dfislgnateslacatfon of bar in Ingot as EoDoura: 

Bar A was from bottom quarter of Ingot In all cases except 16A, wHcb was fromlower middle qnarterof Ingot 
Bar B was from lower middle quarter except 16B, whieii was from bottom of Ingot 
BarD was from tipper qnarter of Ingot 

* Allbars were rounds except where squares (sq) are Indicated. 
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TABLE VI.— INFLUENCE OF FORGING AND MELTING VARIABLES ON RUPTURE TEST 
CHARACTERISTICS AT 1200° F OF BASIC ALLOY “ 


[Heat treatment: 2200° F, lhr, water^aenehed; 1400° F, 24 hr, aircooled] 



Rupture strength (psD 

Estimated 

100-hr 

Stress (psO to cause creep 
rates of— 

Minimum 

Ahoy 



rupture 



creep rate 

100 hr 

1000 hr 

elongation, 
(percent in 

0.01 

0J. 

at 40,000 psi 
(percent/hr) 



1 in.) 

percent/hr 

percent/hr 

Final adopted forging' procedure — round bar stock: 

„ 

48,600 

37,000 

22 

35,800 

47,600 

0.022 

TO 

50,000 

33,000 

19 

35,400 

49,000 

.023 

27 _ 

4S, 000 

37,000 

25 

37,000 

46,200 

.023 

Average — - - 

48,800 

37,300 

22 

36,000 

47,600 

0.023 


48,000 

to 

37,000 

to 

19 

36,400 

46,200 

0.022 


to 

to 

to 

to 


60,000 

38,000 

25 

37,000 

49,000 

.023 

Preliminary forging procedure — square bar stock 


48,500 

37,000 

20 

36,800 

46,300 

0.028 

8 . 

46,600 

‘80,000 

18 

34,500 

46,000 

.033 

10 

62,000 

48.000 

40.000 

86,500 

20 

36,400 

60,100 

.022 

11 

38,000 

38,500 

22 

30,000 

47,500 

46,000 

.024 

12. .. 

22 

38,200 

.018 

Average 

48,800 

37,200 

20 

33,000 

47,200 

0.02S 


40,500 

to 

SQ^OOQ 

18 

34,600 

46,000 

0.018 


to 

to 

to 

to 


52,000 

38,600 

22 

38,200 

50,100 

.033 

Variable deoxidation practice * — round bar stock 


52.000 

55.000 

‘41,000 

16 

‘40,700 

‘55,500 

‘0.0090 

75 (Zr-Sf-F*) _ ' 

40,500 

18 

42,300 

57,000 

‘.0086 




Comparative properties of commercial bar stock of ba^c alloy 


50.000 

47.000 

‘42,000 

‘42,000 

14 





Iff 









• Results based on. detailed rapture test data given, in table X. 
‘ Estimated value. 

» Deoxidation practice: 

None— no deoxidation. 

Zr-SI-Fe — zirconlnni-silieoE.-iron deoxidant 


2IS037— GS 91 




TABLE VII.— INFLUENCE OF CHEMICAL COMPOSITION ON MICROSTRUCTURAL CLASSIFICATIONS OF MODIFIED ALLOYS 


Individual variation of elements In basio alloy 










Simultaneous variation ot Mo 

W, and Ob 










Variable Mo 

Variable W 

Variable Ob 

Alloy 

Alloy modi- 
fication 
(percent) 

MIoroetruotutal classi- 
fication « 

* 

Alloy 

Alloy modification 
(percent) 

Micros tructuml classi- 
fication • 

Alloy 

Alloy modification 
(percent) 

Micros tructaral olassi- 
- flection • 

Alloy 

Alloy modification 
(peroent) 

Mlcroetructaral classi- 
fication • 

10 

os 

GB 

MP 


Mo 

w 

Ob 

IO 

as 

GB 

MP 


Mo 

w 

Ob 

IO 

GS 

GB 

MP 

Mo 

W 

Ob 

IO 

GS 

. QB 

MP 

Beale 


n 

6 

y 

Kb 

43 

0 

0 

0 

I 

l 

e 

Ob 

43 

0 

0 

0 

I 

1 

E 

Cb 

43 

0 

0 

0 

I 

■ 1 

E 

Ob 







45 

2 

0 

0 

I 

8 

z 

Ob 

63 

0 

2 

0 

I 

1 

E 

Oo 

77 

0 

0 

1 

n 

6 

y 

Ra 

13 

0.08 0 

n 

6 

y 

Ka 

46 

4 

0 

0 

I 


y 

Oo 

64 

0 

4 


I 

2 

■m 

Oo 

68 

0 

0 

2 


5 

y 

Rb 

Baeie 


n 

5 

y 

Kb 






^■777 











69 

0 

0 

4 


6 

y 

Rb 

15 


in 

6 

y 

Ko 

























16 


IV 

8 

y 

Rd 































63 


2 

0 

I 


E 

Oe 

46 

2 


Ba 

I 



Cb 

KO 

2 

0 

0 


3 

E 

Ob 

19 

20 
21 


ii 

n 

n 

fi 

6 

5 

y 

y 

y 

y 

Kb 

Kb 

Kb 

55 
47 

56 


2 

2 . 
2 

0 

0 

0 

I 

I 

I 

H 

E 

E 

y 

Oe 

Co 

Oe 

55 

57 

2 

2 


u 

I 

I 



Oo 

Co 

Ki 

2 

2 

0 

0 

2 

4 


6 

5 

y 

y 

Rb 

Rb 

Basio 

1.7 MU 

S 

6 

y 

Kb 


















f 

, 






22 

2.5 Mn 

5. 

5 

y 

Rb 

























Basio 


rt 

6 

y 

Rb 

68 

mu 

mm 

2 

n 

n 

. y 

Rb 

88 

0 

0 

2 

n 

5 

y 

Rb 

63 

n 

2 

0 

mm 

Km 

mm 

Oo 

28 

1.2 81 

n 

6 

y 

Kb 

68 



2 

n 

Kfl 

y 

Rb 

70 

0 

2 

2 

n 

5 

y 

Rb 

70 

H 

2 

2 



MM 

Bb 

80 

1.6 81 

rt 

6 

y 

Kb 

65 

4 

k9 

2 

n 


y 

Rb 

71 

0 

4 

2 

n 

4 

y 

Rb 

72 

0 

2 

4 

IV 


mm 

Rb 

a 

10 Or 

n 

0 

X 

Re 

























Basio 


rt 

6 

mm 

Kb 

70 


2 

2 

n 


y 

"Rb 

63 

2 

0 

2 

n 

6 

y 

Rb 

65 

2 

2 

Km 

n 


z 

. Oo 







59 


2 

2 

m 


y 

Rb 

5Q 

2 

2 

2 

m 

6 

y 

Rb 

34 

2 

2 

l 

■■■ 


y 

Rb 

23 


‘IV 

6 

MM. 

‘Rb 

48 


2 

2 

in 


y 

Rb 

61 

2 

4 

2 

ru 

6 

y 

Rb 

59 

2 

2 

2 

■n® 


y 

Rb 

2 » 


n 

4 

y 

Rb 

00 


2 

2 

m 


y 

Bb 









62 

2 

2 

4 

It® 


y 

Kb 

Basic 

20 NJ 

n 

5 

y 

Rb 





















■M 




26 

30 Ni 

rt 

5 

y 

Rb 

























29 

80 

OOo 
10 Co 

m 

rr 

i 

y 

y 

Rd 

Rb 

69< 

64 

0 

2 

0 

0 

4 

4 

IV 

IV 

n 

'y 

y 

Rb 

Rb 

69 

72 

0 

0 


4 

4 

IV 

IV 

6 

7 

f y 
y 

Rb 

Rb 

54 

71 

m 

4 

4 

0 

2 


2 

4 

z 

y 

£°b 

31 

32 Oo 

re 

£1 

y 

Rb 

68 

4 

0 

4 . 

IV 

KM 

y 

Ro 

73 

0 

4 

4 

rv 

6 

y 

Ro 

73 

0 

4 

4 


6 

y 

Ro 

32 

OMo 

n 

Bn 

y 






rv 

I -.VV. 



















33 

1 Mo 

n 

Bsa 

y 


72 


2 

4 

n 

y 

Rb 

64 

2 

mm 

4 

IV 

5 

, y 

Rb 

57 

2 

4 

0 

i 

2 

E 

Oo 

31 

2 Mo 

n 

6 

y 


62 


2 

4 

IV 

ra 

y 

Rb 

63 

2 

2 

4 

rv 

6 

' y 

Rb 

81 

2 

4 

2 

ni 

5 

: y 

Rb 

Basic 

3 Mo j 

ii 

8 

y 


49 


2 

4 

IV 

ra 

X 

Rd: 

82 

•2 

4 

4 

rv 

8 

y 

Rd 

82 

. 2 . 

4 

4 

IV 

8 

y 

Rd i 

85 

6 Mo 

re 

4-6 

y 


83 


2 

4 

TV 

■ ■ 

y 

Rd 

















36 

.7 Mo 

n 

4-6 



























P ;• ■ 

Btwlc 

39 

OW 
1 1W ; 
2 W 
8 W 

n 

n i 
n 1 
n 

6 

8 

6 

6 

1 


ij .Mi 

■ ■ 57 1 
58 ! 


4 »• 
4 1 
4 

HYisI 

> I. 
1 I 
I 

H 

E . 1 
,* •. 

E 

i ft 

Oo 

46 

« 

68 

l4 . 
4 . 
4 

0 

2 i. 

4 


\i 

i 

f ‘ 

:ft 1 

E 

.i.Ooi 

oo! 

Oo 

46 

66 

66 

J- ■ 4. lie 

v 4 r 

4 

JRH 

m 

. 0; 

21 
4 x 

-• 1 1 
ii 

IV 


y •! 

■ y 
y 

I °P 1 

Rb I 
Be ! 

40 

7 W 

n 

6 

K : .« 


























47 

OCb 

i 

1 

Z 

Oo 

























Basie 

1 Ob 

ii 

5 

y 

■7T7V 

71 

0 

4 


n 


y 

Rb 

65 

4 

0 

2 

H 

mM 

y 

Rb 

66 

4 

2 

0 

I 


y 

Oo 

IS 

2 0b 

in 

8 

y 


61 r 

2 

4 


roc 


y 

Rb 

60 

4 


2 

in 

mm 

y 

Rb 

■7TH 

4 

2 

2 

in 

7 

y 

Bb 1 

49 

4 0b 

rv 

8 

x •• 


84 1 


4 


m 

6 

; 

Bb: 

84 

4 


2 

m 


y 

Bb 

■7*^1 

4 : ■ 

2 

4 

IV 

8 

y 

Rd • 

60 

8,Cb 

rv 

8 

X 

Rd 
























41 


n 

6 

y 

Rb 

78 


4 


rv 

8 

ly • 

Re' 

68 

4 

n 

4 

IV 


y 


68 

4 

4 

0 

i 

3 

E 

Oo 





T 


o 


4 

n 

rv 

8 

y 

Rd 

83 

4 

2 

4 

rv 


y 


84 

4 

4 

2 

m 

6 

y 

Rb 

81 

<M8N 

n 

6 

y 

Rb 

K9 


4 

u 

IV 

8 

y 

Rd 

67 

4 

4 

4 

IV 


y 

Rd 

67 

4 

4 

4 

IV 

8 

F 

Rd 


• OlasslfloatlQn key: 


Solution-treated 

structure 

Aged struoture 

Amount of Insolu- 
ble constituent 
(IO) 

— 

A. S. T. M. grain rise number 
(GB) 

Amount of grain 
boundary pre- 
cipitate (OR) 

Aging precipitate In mstrix (MP) 

Type 

Amount 

I— small. 

H— medium, 
m— large. 

IV— very large. 

l(up to l|graloa/iq In.) 
to 

S (96 grains or more/iq In.) 

t— email. 

y-modfna. 
t— Urge. 

C— precipitate tends to follow 
cryitallographlo planes. 

R— random precipitate. 

a — small, 

hw— ^Tiftd 1 1 1 1 n . 

o— large, 
d— very large. 


* PsTritMlgraatype phaw tn fl-peroent-Ni alloy 23. A lairs amount of precipitate ooeorrsd In tlgma phase daring aging bat only a small amount In lnrttnlto matrix. 

Ii 

■ , i 

... ... .... ■ u 
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TABLE Yin.— SUMMARY OF INFLUENCE OF ALLOYING ELEMENTS ON INCREASING TENDENCY FOR 

raCROSTRUCtURAL CHANGES 


ATTnyfngp]pmpnf: varied 

Oompoaitlan 
ranga (per- 
cent) 

Inaoliible constituent Increase 

Grain size decrease 

Grain, boundary precipitation 
increase 

Mode of matrix: precipitation 

Amount of matrix pre- 
dp Itatton increase 

n _ _ 

0 . 08-aeo 
0 - 2.6 
0 . 5 - 1.0 
10-20 
20-80 
0-10 
10-30 
0-82 
0-1 
0-1 
- 0-1 
1-t 

O.OOM.18 




fVPJjlHHHHHH 

Very strong. 
None. 

Not*. 

Mild. 

Strong. 

i«one. , > 

None. 

Negative mild. 
Weak. 

Weak 

Negative mild. 
Mild. 








MtVT __ 



r. r __ . 


Negative mild 

l 77. 


Pr 




NI__. 

Negative strong ' a 




NT___ _ 



■\Trrn» 


no 





Wn. . 
































* Jerriteeigma phase In. O-percenfr-NI alloy In aU conditions. A large amount ol aging precipitate occurred In sigma phase, but only a small amount In austenite matrir. 
» Mode olprectpltattai not affected by Mo and IV. In elloys containing Gb precipitate -was random; without Ob precipitate followed a preferred orientation. 
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TABLE IX.— HARDNESS DATA ON EXPERIMENTAL ALLOYS 


Alloy 

Modification from basic alloy 
(percent)* 

Vickers hardness number * 

Solution- 
treated: 
2200° F, 

1 hr, water- 
quenched 

Solution- 
treated and 
aged; 1400° 
F, 24 hr, 
air-cooled 

y 


229 

245 

8 


229 

249 

8 


229 

247 



237 

272 


Basin 

234 

269 

11. 


235 

247 

12... 




229 


27 . 




2ii 

221 




74 __ 


214 

299 

75-.—:-. 


229 

247 






IS 

0.08 C (sc 

l) 

200 

219 

15 

0.40 C (sc 


261 

788 

16 

0.60 C (sc 


290 

309 






24. 

ft Mn 

227 

251 

10 

0.30 Mn (sq) 

227 

261 

20 

0.50 Mn (so) 

223 

241 


1.0 Mn (sqj_ 

210 

231 

22. „ 

2.5 Mn (sq) 

229 

245 





28- . 

1.2 81 - 

221 

i 249 


L6 8L - ... 

243 

242 




51— 

10 Cr." '." 

- — - • - *• 


177 

193 

52 

30 Cr.... 



293 

408 







23 

ONf 

288 

330 

26. — 

10 N4 _ 

238 

201 

26 

SO Ni 

226 

252 





29 

0Co r 

210 

252 

90 

10 Co . .. — 

206 

220 

81 

32 Co. 

221 

235 



32 J 

DMo 

203 

219 

39 

1 Mo 

202 

210 

34. 

2 Mo 

197 

2ii 

35 


205 

233 

36 

7 Mo — 

221 

245 





97 

flW. .. 

206 

218 

98 

1 w 

200 

223 

39 

6 W 

223 

245 

40 

7 W 

243 

254 



47 

0 Cb 

170 

219 

48_ . 

2 Ch 

200 

238 

49... 

4 Cb 

258 

325 

60—_ 

acb • • _ 

229 

296 




41 

0.004 X 

197 

208 

42- 

rvofi x 

233 

254 

81 

ft.lfiN . 

234 

261 





Mo 

TV 

Cb 



43 

0 

0 

0 

157 

190 

45 

2 

0 

0 

182 

205 

46 

4 

0 

0 

185 

235 

53... . 

0 

.2 

0 

170 

210 

54 

0 

4 

■ 0 

187 

235 

55 

2 

2 

0 

201 

242 

56 

4 

2 

0 

194 

243 

57. 

2 

4 

0 

198 

251 

68 . 

4 

4 

0 

20 2 

252 

59 

2 

2 

2 

213 

' 220 

60 

4 

2 

- 2 

234 

252 

61 . . _ 

2 

4 

2 

234 

242 

02 

2 

2 

4 

228* 

240 

69 

2 

0 

2 

182 

215 

04 _ 

2 

0 

4 

215 

238 

65 

4 

a 

2 

221 

229 

60 

4 

0 

i 

236 

258 

67 . 

4 

4 

4 

258 

311 

77 

0 

■ 0 

1 

197 

204 

68 

0 

0 

2 

190 

201 

00 

0 

0 

4 

204 

216 

70 

0 

. 2 

2 

211 

213 

71. 

0 

4 

2 

228 

227 

72 

0 

2 

4 

215 

219 

78 

- 0 

i 

4 

221 

229 

82 

_2. 

4 

4 

237 

258 

83 

4 

2 

4 

242 

288 

84 „ 

4 . 

4 

2 

245 

272 


• All testa were made on round bar stock except where square bar stock Is Indicated (sq). 

* Vickers hardness tests were made with a 50-kg load on bar-stock cross sections of metal- 
lographlc specimens. 
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TABLE X. — RUPTURE .TEST CHARACTERISTICS AT 1200° F FOR MODIFIED ALLOYS 

[Heat treatment: 2200° F r 1 hr, watecniaenched; 1400° F, 24 hr. air-cooled] 


Estimated 

EIonpHoa Seduction “m Buptura strength (psfl W du 

(percent) CpeS 

lOObr 1000 he 



ALLOYS 




Stress (psf) to cause 
creep rates of— 

Minimum 
creep rate 

n i. i P, Mn _ J 

0X1 per- 
cent/br 

0.1 per- 
esm/hr 

&t 4u,UvHJ psi 
(percent/ 
hr) . 

35,800 

46,300 

0.028 

34,600 

46,000 

.033 

86,800 

47.600 

.022 

as, 400 

.50,100 

.022 

85,400 

49,000 

.023 

36,000 

47.800 

.024 

38,200 

46,000 

.018 

37,000 

46,200 

.023 

* 40,700 

*65,500 

>0.0090 

42,300 

57,000 

‘.0065 

*30,000 

‘47,000 

>0.033 

30,500 

49,000 

.0102 

88,000 

>49,000 

> .016 



28 33.700 43.000 0.051 


25 >30,000 38,000 

10 42,800 > 57,000 


25 34,000 ‘ 46,000 0.037 

17 39,200 61,000 .012 

26 > 32,600 43^000 .044 


« Sonar®, forged as square bar; round, forged as round bar: all beats higher thno 22 rrere forged e 
1 Estimated. 


! round bars only. 
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TABLE X— RUPTURE TEST CHARACTERISTICS AT 1200° F FOR MODIFIED 

[Heat treatment! 2200° F, X hr, watar-qnenohed; 1400* F, 24 hr, air-cooled] 


Eupture strength (psD 


100 hr lOOOhr 




40,000 

*29,600 

46,000 

‘34,000 

40,000 

‘37,500 

47,000 

38,000 

46,500 

‘36,800 

61,000 

*40,000 

49,600 

* 39,000 

28,000 

19,600 

39,000 

27,500 

42,000 

*30,600 

34,000 

28,000 

41,000 

*32,000 



ALLOYS — Continued 


ed Stress (pi!) to cause 
oreep rales of— 

e 

on 

in 0.01 per- 0.1 per- 
cent/!] r cont/hr 


20 34, 

20 34, 

12 39 , 


18 33,200 41,300 

10 33.000 44,300 

15 ‘ 30,000 ‘ 44,000 

20 > 37,000 48,000 

23 >33(000 30,000 


‘36,300 ‘43,500 

‘38,000 ‘ 3C( 300 

‘38,000 30,600 


12 33,600 44,500 

30 33.600 44,600 

30 36,000 48,000 

26 36,000 48,600 


36 ‘36,000 ‘ 46,600 

32 ‘38,000 60,000 

20 ‘38,000 ‘ 49,000 




26,600 

33.000 * 44,000 

34,100 46,000 

30.000 37,700 

38,200 >60,000 







« Square, forged as square bar; round, forged as round bar; all heats higher than 22 ware forged as round bars only. 
‘ Estimated. 

« Overheated at 300 hr, ' 
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TABLE X.— RUPTURE TEST CHARACTERISTICS AT 1200° F FOR MODIFIED ALLOYS— Concluded 

[Heat treatment: 2200° F, 1 hr, Tvafej>qnenchedr 1400“ F, 24 hr, air-rooled] 



* Square, forged as square bar; round, forged, as round bar; all heats higher than 22 were forged as round bars only. 
1 Estimated. 
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TABLE XI.— COMPARISON OF 1200° F RUPTURE PROPERTIES OF WROUGHT HEAT-RESISTING ALLOYS' 


Alloys 

Variable 

Remarks 

100-hr rupture 
strength (psi) 

10O-hr rupture 
elongation 
(percent) 

Infer- 

ence* 

Modified alloys. 

Chemical composition. 

Prior processing and "heat treat- 
ment controlled and held con- 
stant. 

26,000 to 62,000 

6 to 40 

(*> 

Basic alloy. 

Heat treatment and hot- 
cold-work. 

Single commercial heat. 

40,000 to 90,000 

1 to £0 

1 

Six standard beat-resisting alloys: 
18Cr-8Ni. 

I8Cr-8Nf-lCb. 

16Cr-13Ni-8Mo. 

28Cr-12NI. 

25Cr-20Ni. 

16Cr-86Ni. 

Chemical composition and 
prior processing. 

Treatment: 

2000 ° F, water-quenobed. 
2260° F, water-quenched. 
2000° F, water-quenched. 
2200° F, water-qnenched. 
2160° F, water-quenched. 
2000° F, water-quenched. 

20,000 

30.000 

31.000 
24,600 

24.000 

22.000 

20 

8 

18 

7 

7 

3 

4 

Seven beat-resisting super alloys: 
1MDL. 

17W. 

OSA. 

Timken. 

Low-carbon N-166. 
High-carbon N-155. 

8590. 

Chemical composition and 
prior processing. 

Treatment variable:* 

Ann. Hw, CW. 

Ann, HW, CW. 

Ann, HW, CW. 

Ann, HW, CW. 

Ann, Ann-1- A, HW, CW. 
Ann, HW, CW. 

Ann, Ann+A 

42.000 to 62,000 

30.000 to 46,000 
47,600 to 63,000 

49.000 to 87,000 
42,500 to 61,000 

52.000 to 63,000 

61.000 to 63,000 

2 to 20 
2 to 24 
5 to 26 
9 to 28 
8 to 17 
4 to 11 
8 to 20 

5 


• Numbers refer to references listed at end of text. 

‘ Data from this investigation. 

« Treatment variables: Ann— annealed (solution-treated). 

Ann+ A— solution-treated plus aged, 
H W — hot-worked. 

CW— hot-cold-worked. 




